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Abstract 
 
Oil-production from enhanced oil recovery (EOR) project continues to 
supply an increasing percentage of the world's oil, about 3% of the 
worldwide production  
Now comes from (EOR), and this percentage is increasing with time, because of the 
conventual’s oil production has continued to full and is not – currently – enough effective, 
therefore, the importance of choosing the "best" recovery method becomes increasingly 
important to petroleum engineers. 
The objectives of this research to present technical and economical 
feasibility for   
(EOR) by using miscible carbon dioxide (CO2) in Syrian oil fields (Deirez-zour 
region, essentially Alm field), so that CO2-EOR improvement displaces oil left in 
place (after primary production and secondary water flooding which has been 
successfully injected in these fields for many years) via achieving several 
properties especially:  
1) Reduction of oil viscosity, 
2) Swelling of oil volume and  
3) Acidic effect on rock. 
The candidate Alm field in Deirez-zour was studied in order to determine 
potential (EOR-CO2) by knowing the Alm characteristics (geological and 
engineering review) that adapted with CO2 condition injection and 
presenting exhaustive screening, it was recommended that CO2 miscible 
(water-alternative -gas) or CO2-WAG has accepted as an effective technique 
for (EOR) with Alm reservoir conditions. 
The recovery factor predicted by CO2 in Alm about 12% OOIP (original oil 
in place), that mean about 32 MMBO (million barrel of oil). 
Alm as a case study for (EOR-CO2) economical analysis: (capture, 
compression, transportation and injection costs), capital expenditures 
(CAPEX), operational expenditures (OPEX) were presented depending on 
previous and current onshore experience and the analysis was based on the 
following assumptions: 
? Oil price US$ 40/STB.  
? Average recovery of 1 STB / 5000 Scf. 
? CO2 source is natural from neighboring fields  
     (Distance about 150 Km = 81 miles) via pipelines. 
? CO2 over a period of 2 scenarios (10,15) years.  
   
The economic results, obtained in this study represent the  base case and 
serve as a guide to build a suitable economical model to demonstrates the 
feasibility  of possible WAG Injection Process and help our operating  
Companies develop operational and design strategies for Am field and other 
future CO2 injection Projects in Syria. 
      
 اﻟﻤﻠﺨﺺ
 %3إن إﻧﺘﺎج اﻟﻨﻔﻂ ﻣﻦ ﻋﻤﻠﻴﺎت اﻹﺳﺘﺜﻤﺎر اﻟﻤﺪّﻋﻢ ﻟﻠﻨﻔﻂ ﺗﺰﻳﺪ ﻧﺴﺒﺔ اﻟﻨﻔﻂ اﻟﻌﺎﻟﻤﻲ ﺑﺎﺳﺘﻤﺮار،ﺣﻴﺚ أن ﺣﻮاﻟﻲ 
  .ﻣﻦ اﻧﺘﺎج اﻟﻨﻔﻂ اﻟﻌﺎﻟﻤﻲ ﺣﺎﻟﻴًﺎ ﻳﺼﺪر ﻋﻦ ﻋﻤﻴﺎت اﻹﺳﺘﺜﻤﺎر اﻟﻤﺪّﻋﻢ ﻟﻠﻨﻔﻂ ، وهﺬﻩ اﻟﻨﺴﺒﺔ  ﺗﺰداد ﻣﻊ اﻟﺰﻣﻦ 
 ، وﻋﻤﻠﻴﺎت إﻧﺘﺎج اﻟﻨﻔﻂ اﻟﺘﻘﻠﻴﺪﻳﺔ ﻏﻴﺮ ﻓﻌﺎﻟﺔ ﺑﺸﻜﻞ آﺎﻓﻲ ﺑﻤﺎ أن ﻧﺴﺒﺔ اﻟﻨﻔﻂ اﻟﻤﻨﺘﺞ ﺗﻘﻠﻴﺪﻳًﺎ ﻣﺴﺘﻤﺮة ﺑﺎﻹﻧﺨﻔﺎض
  .ﺣﺎﻟﻴًﺎ ﻟﺬﻟﻚ ﻳﻌﺘﺒﺮ إﺧﺘﻴﺎر اﻟﻄﺮﻳﻘﺔ اﻟﻤﺜﻠﻰ ﻟﻺﺳﺘﺜﻤﺎر اﻟﻤﺪّﻋﻢ ﻣﻦ أوﻟﻮﻳﺎت ﻣﻬﻨﺪﺳﻲ اﻟﻨﻔﻂ
اﻟﻘﺎﺑﻞ ﻟﻺﻣﺘﺰاج ﻓﻲ  2OCإن اﻟﻬﺪف اﻟﺮﺋﻴﺴﻲ ﻟﻠﺒﺤﺚ هﻮ ﺗﺤﺪﻳﺪ إﻣﻜﺎﻧﻴﺔ زﻳﺎدة إﻧﺘﺎج اﻟﻨﻔﻂ ﺑﺎﺳﺘﺨﺪام ﻏﺎز 
ﺣﻴﺚ أن ﻋﻤﻠﻴﺎت اﻟﺘﺤﺴﺒﻦ ﺑﺎﺳﺘﺨﺪام . ﺗﻘﻨﻴًﺎ وإﻗﺘﺼﺎدﻳًﺎ(  آﻤﺜﺎلmlA ﺣﻘﻞ -ﻟﺰورﻣﻨﻄﻘﺔ دﻳﺮا)اﻟﺤﻘﻮل اﻟﺴﻮرﻳﺔ 
ﺑﻌﺪ ﻋﻤﻠﻴﺎت اﻹﻧﺘﺎج ) ﻓﻲ اﻹﺳﺘﺜﻤﺎر اﻟﻤﺪﻋﻢ ﻟﻠﻨﻔﻂ ﺗﺴﻤﺢ ﺑﺎﺳﺘﺨﺮاج اﻟﻨﻔﻂ اﻟﻤﺘﺒﻘﻲ  2OC ﻃﺮﻳﻘﺔ ﺣﻘﻦ ﻏﺎز
ﻋﻦ ﻃﺮﻳﻖ (  وﻟﻌﺪة ﺳﻨﻮاتmlAاﻷوﻟﻴﺔ وﻋﻤﻠﻴﺎت اﻟﺤﻘﻦ اﻟﻤﺎﺋﻲ اﻟﺜﺎﻧﻮي اﻟﺘﻲ ﺗﻤﺖ ﺑﺸﻜﻞ ﻧﺎﺟﺢ ﻓﻲ اﻟﺤﻘﻞ 
  :ﻟﻴﺎت اﻟﺘﺎﻟﻴﺔاﻵ
 . ﺗﺨﻔﻴﺾ ﻟﺰوﺟﺔ اﻟﻨﻔﻂ  -1
 . اﻧﺘﻔﺎخ اﻟﻨﻔﻂ -2
  .اﻟﺘﺄﺛﻴﺮ اﻟﺤﺎﻣﻀﻲ ﻋﻠﻰ اﻟﺼﺨﻮر-3
آﻤﺜﺎل ﻋﻦ اﻟﺤﻘﻮل اﻟﺴﻮرﻳﺔ ﻓﻲ ﻣﻨﻄﻘﺔ دﻳﺮاﻟﺰور ﻟﺘﺤﺪﻳﺪ إﻣﻜﺎﻧﻴﺔ ﺗﻄﺒﻴﻖ ﻃﺮﻳﻘﺔ ﺣﻘﻦ mlA ﺗﻤﺖ دراﺳﺔ ﺣﻘﻞ
. اﻟﺤﻘﻦ ﺗﻘﻨﻴًﺎواﻟﺘﻲ ﻻءﻣﺖ ﻃﺮﻳﻘﺔ  mlA اﻟﻤﻤﺘﺰج ، ﺑﻌﺪ ﻣﻌﺮﻓﺔ اﻟﺨﻮاص اﻟﺠﻴﻮﻟﻮﺟﻴﺔ واﻟﻤﺨﺰوﻧﻴﺔ ﻟﻠﺤﻘﻞ  2OC
  . mlAﺣﻴﺚ ﺗﻢ اﻗﺘﺮاح ﻃﺮﻳﻘﺔ اﻟﺤﻘﻦ اﻟﻐﺎزي اﻟﻤﺘﻨﺎوب آﺘﻘﻨﻴﺔ ﻓﻌﺎﻟﺔ ﻓﻲ اﻟﻈﺮوف اﻟﻤﺨﺰوﻧﻴﺔ ﻟﻠﺤﻘﻞ 
 ﻣﻦ اﻟﻨﻔﻂ اﻟﻤﺘﺒﻘﻲ أي %21وأﻋﻄﻰ ﺣﺴﺎب ﻋﺎﻣﻞ اﻟﻤﺮدود اﻟﻤﺘﻮﻗﻊ ﺑﺎﺳﺘﺨﺪام هﺬﻩ اﻟﻄﺮﻳﻘﺔ ﻗﻴﻤﺔ ﺗﺒﻠﻎ ﺣﻮاﻟﻲ 
  . ﻣﻠﻴﻮن ﺑﺮﻣﻴﻞ ﻧﻔﻂ ﻣﺴﺘﺨﺮج 23ﺣﻮاﻟﻲ 
اﻟﻤﺘﻌﻠﻘﺔ ﺑﺘﻜﺎﻟﻴﻒ اﻹﺳﺘﺨﺮاج ، اﻟﻀﻐﻂ ، اﻟﻨﻘﻞ ، اﻟﺤﻘﻦ وﺗﻜﺎﻟﻴﻒ رأس  mlA إن اﻟﺘﺤﺎﻟﻴﻞ اﻹﻗﺘﺼﺎدﻳﺔ ﻟﻠﺤﻘﻞ
  : اﻟﻤﺎل وﺗﻜﺎﻟﻴﻒ اﻟﺘﺸﻐﻴﻞ ُﺣﺪدت إﻋﺘﻤﺎدًا ﻋﻠﻰ ﺧﺒﺮات ﺳﺎﺑﻘﺔ وﺣﺎﻟﻴﺔ ﻣﻊ اﻷﺧﺬ ﺑﻌﻴﻦ اﻹﻋﺘﺒﺎر ﻣﺎ ﻳﻠﻲ 
  . دوﻻر أﻣﺮﻳﻜﻲ ﻟﻜﻞ ﺑﺮﻣﻴﻞ04ﺳﻌﺮ اﻟﻨﻔﻂ  -1
  .2OC  ﻗﺪم ﻣﻜﻌﺐ ﻣﻦ ﻏﺎز0005آﻞ ﺑﺮﻣﻴﻞ ﻧﻔﻂ ﻳﺤﺘﺎج ﻹﺳﺘﺨﺮاﺟﻪ  -2
  (. آﻴﻠﻮ ﻣﺘﺮ 051 ﺗﺒﻌﺪ ﺣﻮاﻟﻲ mlAﻣﻦ ﺣﻘﻮل ﻣﺠﺎورة ﻟﻠﺤﻘﻞ ) ﻣﻦ اﻟﻐﺎز اﻟﻄﺒﻴﻌﻲ 2OC ر ﻏﺎزﻣﺼﺪ -3
  (. ﺳﻨﺔ 51 ﺳﻨﻮات ، 01)  ﺗﻢ إﻋﺘﻤﺎد ﻓﺘﺮﺗﻴﻦ ﻟﺘﻄﺒﻴﻖ ﻋﻤﻠﻴﺔ اﻟﺤﻘﻦ -4
  
Background 
Background 
Syria is located east of the Mediterranean Sea with a coast of 184km long. 
It forms a connecting point among the continents of Asia, Europe and Africa. 
Syria from geological view consists of four major tectonic zones separated 
by less deformed areas. Extending ≅ 400 km northeast from the Lebanese border 
in the west into central Syria are the palmyrides      figure (1), the largest 
topographic feature, and first tectonic zone of Syria. The subdued topography of 
the second major tectonic zone, Euphrates fault system, belies its complex 
structure that harbors the greatest oil production in Syria. The Euphrates fault 
system figure (2) extends across Syria from the Iraqi border in the southeast to 
the Turkish border in the northwest. The southeastern area, the "Euphrates 
Garben" is the most intensely deformed part, and most reminiscent of a classic 
steep-sided garben (37). 
Two topographically prominent uplifts in northeast Syria, the Abdel Aziz 
and Sinjar structures, reveal the location of the third major tectonic zone. 
The fourth and final major tectonic zone is the Dead Sea fault system, an 
active transform plate boundary in western Syria (37). 
 
  
 
Figure (1) Map Showing Regional Setting of Syria, and the First Major 
Tectonic Zone (36) 
 
 Figure (2) Map showing the Second Major Tectonic  
(Euphrates) Zone(36) 
Historically, northeast Syria was the most hydrocarbon productive region 
in the country. Estimated recoverable from Syria are about         2.5 Bbbl of oil 
and 8.5 TCF of gas. The northeast fields form an appreciable part of the country's 
550.000 barrels a day of oil production with, for instance, the Tichreen Field 
figure (3) production about 10% of this. 
Hydrocarbons in Syria are trapped in fault blocks and fault-propagation 
folds above reactivated normal faults. Most sources rocks in northeast Syria are 
thought to be cretaceous and Triassic age. 
The older reservoirs tend to harbor lighter oils or gas. As an example of 
current production in northeast Syria, the Tichreen field produces from four 
horizons. The Chilon (Oligocene), Jeddala (Middle Eocene), Shiranish 
(Maastrichtian) and Kurrachine (Middle Triassic). All of these formations are 
carbonates with generally low porosity and fracture permeability. Oils of 18 
(°API) gravity and produced from the upper formations, and gas from the 
Triassic (37). 
Figure 
(3) Map 
showing 
some 
Seismic 
Location in Northeastern of Syria, and some Oil Fields(36) 
With proven oil reserves expected to last only about 10 more years and a 
population growing at around 2.3% per year, Syria may become a net importer of 
oil within the next decade. Thus, the exploration for oil and natural gas and 
development the oil production techniques are top priority in Syria (39). 
 Syria's main oil producer (by far) is al-Furat Petroleum Co. (AFPC) a joint established in 
1985 and owned by the Syrian Petroleum Company (SPC), Shell, and PetroCanada. 
AFPC's fields are located in the northeastern Syria – Particularly the (Deir ez-Zour) region, 
where commercial quantities of oil were discovered in the late 1980s – and are producing 
about 400.00 bbl/d of high quality light crude. 
AFPC's main oil field is al-Thayyem, although production there has been 
declining since 1991. another important field – Omar/Omar North – began 
production in February 1989 at 55.000 bbl/d. Currently, Omar produces about 
15.000 bbl/d from natural pressure and 30.000 bbl/d from water injection. Other 
AFPC fields include al-Izba (light oil), Maleh (34° API gravity oil), Sijan, and 
Tanak. Production from fields run by SPC peaked in the late 1970s at more than 
165.000 bbl/d. 
SPC's field include: 1) Karatchuk – Syria's first discovery, located near the 
border with Iraq and Turkey; 2) Suwaidiyah – a giant heavy oil field located 
south of Karatchuk in the Hassakeh region (and extending into northwestern Iraq) 
which currently produces around 85.000 bbl/d;   3) Jibsah – a major field 
producing both oil and gas; 4) Rumailan a small field near Suwaidiyah which 
produces heavy oil; and 5) Alian, Tishreen, and Gbebeh – three small, depleting 
fields producing heavy oil. China's CNPC signed a contract with SPC in March 
2003 to undertake an enhanced oil recovery project for Gbebeh, which is to 
increase production from the current 4.500 bbl/d to 10.000 bbl/d (39). 
 Other Syrian oil fields include Maleh, Qahar, Azraq, and Tanak, Jafra, 
discovered in late 1991 and located near (Deir ez-Zour), is operated by 
TotalFinaElf and has current production of around 60.000 bbl/d. besides 
conventional oil reserves, Syria also has a major shale oil deposits in several 
location, mainly the Yarmouk Valley stretching into        Jordan (39). 
The following table shows the properties of some Syrian fields (Deir ez-
zour region)(3): 
Table (1)The properties of some Syrian fields (Deir Ez-zour region)(3) 
Field 
Well- 
reservoir 
Depth 
m 
Q-oil 
bbl/d 
B.S.W 
% 
G.O.R 
Pwf 
psia 
Vis-oil 
cp 
Den-oil 
API 
T 
°C K md 
Soi 
% 
φ 
% 
Aya 101- mul 2080 201 0 220 5243 0.5 34 62 147 97 12 
Azq 101-mul 2652 599 5 1093 3480 0.53 34.5 60 7977 88 16.2 
Jha 101-rut 1805 178 39 384 3435 1.7 33.1 63.5 1124 83 17 
Jaz 101-l.rut 1605 146 5.5 420 3092 0.15 33.4 56 120.4 85 18.9 
oma 111-rut 1980 361 0 1698 4033 0.15 36.2 51.5 34.5 91 8.2 
Omn 101-rut 2213 445 0.22 3432 4537 0.05 39.8 87 23.65 91 13 
Ras 101-pjs 2450 473 1.2 77 2988 6 28 57 680 95 9.8 
Sab 104-rut 2671 921 0 610 1144 0.5 34 77 52.9 94 6.5 
Shl 101-l.rut 2819 271 0.3 1015 3523 0.45 32.9 81.5 167.6 92 9 
Sij 101-rut 2096 513 2.3 178 3394 0.3 36 62 1311 92 13 
Alm 123-de 2735 499 2.5 525 3300 0.57 35.3 98 150 81 12 
Thr Main-rut 3200 390 0.9 490 3800 0.65 37.5 118 500 92 14 
In this research a comprehensive screening of Alm field (as a case study 
representing Deir ez-Zour fields) was performed to asses the applicability of 
various EOR techniques to explain the selection reason of CO2-EOR as the most 
appropriate technique. 
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Alm Field, Geological and Engineering Review 
1-1 Introduction: 
Alm field was discovered in 1990 by exploration well Alm-101, and was 
brought on production in the end of 1990, at present there are total of 37wells 
have been drilled of which 25 penetrated the oil-bearing structure, 9 of these 
wells were drilled as horizontals (Alm-117, 118, 119, 120, 121, 122, 123, 126 and Alm128), at 
a later stage 3 horizontal sidetracks were drilled (Alm-107, 111, 125). Two wells are 
completed as a multilateral, and producing from the original vertical hole and the 
horizontal sidetrack (Alm-107 and Alm-111), ESPs are in placed in some wells, only 
one of these wells in Alm field produces naturally, the other wells use beam 
pumps. 
The Alm field reservoir contains under saturated oil in two main different 
formations; the pj encountered in all wells, and the De on the northern and north-
eastern flanks of the structure. 
Pressure testing indicates that the De and pj formations communicate and share a common 
oowc of 2792 mss, small separated accumulations lie to the NW and to the SE of the main 
block, the oil in the main block has a bubble point of 2393 psi, the oil in the NW area of 
3160 psi and the SE of 2890 psi, formation water has a high salinity: 240000 ppm. 
         Alm field is covered by 3D survey at 2000, which has only recently become 
available for interpretation, the data is of the later fold-survey is of good quality, 
many core samples have been taken (5-12) core samples in most of the wells(3). 
1-2 Alm Field Geological Summary: 
     From the topographic view, the area at which Alm field situated (Deir ez-
Zour) contents planes with low high hills, and the climate is very hot and dry in 
summer with temperature till 45°C. 
Alm field situates in the Eastern North of central petroleum fields in Deir ez-zour 
region on East of Syria. 
From the structural view, Alm field is concave and elongated, and it’s axis is 
towards NW – SE, the structure of Alm field is tectonic semi- stable (doesn’t 
contains much faults), figure (1-1). 
 
Figure (1-1) shows the Alm field structure(3) 
 
 The depth of oil deposits is not high and the main oil producing formations 
in this field are  (Pj, De, Rm). 
 Basically, the occurrence of oil deposits is related to Reservoir rocks, 
which are divided to two parts from petrographic view: 
1- Cataclastic Rocks: it contents different kinds of sands. 
2- Carbonated Rocks: (Calcite, Dolomite) 
 These tow kinds of reservoir rocks are founded in Syrian fields, that the 
first kind is located in Eastern area (Deir ez-Zour), Alm field as example, and the 
second kind is located in Eastern- North of Syria (Suwaidiyah field) as example. 
 As the result of studying the Lithological section of Alm field throw drilled 
wells, figure (1-2). It’s noticed that there are graduating zones from chert to 
Limestone (Limestone includes spots of Crystalline Calcite) then the famous 
Sandstone zone which is always founded in all Eastern fields regions, Sandstone 
zone in Alm contains a few intrusions of fine grain calcite, this zone (Sandstone) 
has considerable thickness (20 – 100) m. 
 The three formations (Pj, De, Rm) which contain oil cumulates in Alm field 
are unconformable for porosity and permeability, that Rm is carbonated with 
chert, but (Pj, De) are almost Sandstone type with different porosities (from 
fracture to 9.3% till 15%) respectively, other wise the permeabilities reach to 
(500 – 3000 ) md- in these formations(3). 
 It is known that porosity and permeability are very important to get 
economically oil cumulates and traps. 
 Porosity is very useful as physical property of rocks to determine the 
reserve calculations of oil and gas, and it is defined: the ratio between the porous 
volume in the rock to the total volume of the rock (that called absolute porosity), 
but effective porosity is the volume of contact porous – which contain moveable 
liquid inside - to the total volume rocks.  
  The porous textures contain huge quantity of oil reserves, but an 
impermeable zones are ineffective parts and don’t contain oil except the 
existence of oil in some cracks which have small volume of porous (less than 
5%)(3). 
 The permeability is very important for passing liquids and gases within the 
rocks channels according to pressure, and it is divided to (absolute – effective – 
relative), and there is horizontal and vertical permeability (in Alm field KV/KH = 
1.2). 
 
Figure (1-2) shows the Lithological Section for Alm field(3) 
 Generally, the permeability increases by the increasing of pressure, but this 
relationship is not constant according to many factors such as fractures and caves 
(vugs) 
 It is good to say that, in the Lithological structure, there is hydrodynamic 
contact in most of the Alm field area, especially the main area (middle zone) as 
appears in figure (1-3)(3) 
 
Fig (1-3) shows the hydrodynamic contact in the middle zone of 
 Alm field(3)  
1-3 Reservoir Engineering Review: 
To determine the appropriate oil production methods and the flow regime 
of fluids in the formation, it is necessary to know the chemical and physical 
properties of oil, gas and water, that solves the important technical issues during 
the various production procedures  
 Alm field oil contains high percent of paraffin and very low percent of 
sulphar and ash. 
 The following table (1-1) shows the average rock and fluid properties for 
Alm  field. 
 Salt water has essential role in oil displacement, and it effectively increases 
oil yield, table (1-2) shows salt water properties for Alm  field (2003)(3). 
 
Table (1-1) The Average rock and fluid properties for Alm field(3): 
Area Concession Alm field 
History 
Date of discovery 
Production start-up 
 
May 1990 
Dec. 1990 
Reservoir and Structure  
Formation  
Lithology 
Depth (m) 
Gross thickness (m) 
Net/Gross ratio (%) 
Porosity (%) 
Water saturation (%) 
Permeability (mD) 
OOWC (mss) 
Total hydrocarbon column (m) 
Area (km2) 
Dip (degrees) 
Initial pressure (psi) 
Min. resev. Operat. Press. (psi) 
Temperature (°F) 
 
PJ 
Sandstone 
2840 
20-100 
80 
14.9 
19 
500-3000 
2792 
102 
12 
5-10 
4650 
3000 
205 
 
De 
Sandstone 
2790 
20-40 
21 
9.3 
42 
10-100 
2792 
122 
20 
0 
4650 
3000 
205 
 
Rm 
Carbonate/chert 
2735 
35 
84 
Fractures 
Unknown 
0 in matrix 
2792 
* 
* 
0 
4650 
3000 
205 
Initial Fluid Properties 
Oil gravity (°API) 
Bubble point (psi) 
Initial solution GOR (scf/stb) 
H2S/CO2 (vol.%) 
In-situ oil viscosity (cp) 
Oil formation volume factor (bbl/stb) 
 
34 
1763 
400 ±100 
0/1.6 
0.77 
1.16 
 
35.3 
3160 
800±100 
0/1.7 
0.38 
1.15 
 
31 
1190 
350±100 
0/0.5 
0.98 
1.08 
* Not applicable. 
Table (1-2) Salt (Connate) Water Properties for Alm Field (2003)(3): 
Salt water properties 
Amount 
Density (kg/m3) 1009.9 
(pH) 7.7 
Viscosity (cp), at Rc*. 0.31 
(Ca++, mg/l) 974.92 
(Mg++, mg/1) 227.25 
(Cl-, mg/1) 4233.8 
(HCO3-, mg/1) 89.35 
(NO3-, mg/1) 115.98 
(SO4--, mg/l) 49.618 
(Na++k+, mg/l) 3734.87 
(Fe++, mg/l) 14.43 
* Rc ≡ Reservoir Conditions. 
1-4 Reservoir performance (Production History):  
Alm field went through three main phases of production. The field was 
brought on stream in the end of 1990 with initial production coming from Alm-101, 
and Alm-103. Field production built up from 31000 bbl/d to a peak rate 58000 in 
1992,(figure(1-4))(3). 
 
 Figure (1-4) Alm Field Production Rate Versus Time And Pressure(3) 
The cumulative production at the start of 2005 is 157.3 MMbbls and 
represents a change of 3.5 MMbbls compared to 2004. The annual average oil 
production is 9.5 mbopd compared to a forecast annual average of         9.4 
mbopd, and 11% decline on annual production when compared to the 2000 
annual average (Figure (1-5)). 
Sweep of the reservoir oil is caused by a flank aquifer in the northeast, 
feeding water from below the OOWC into the Pj as bottom water drive. 
Wells locally pull up this water because of the asymmetric cones. A 
dedicated coning simulation model was calibrated with logs, it shows that cones 
don’t influence ultimate recovery(3). 
 Figure (1-5) Shows the Cumulative Production of Alm Field(3) 
In 1996 a horizontal infill campaign is started resulting increased oil rates 
for two years, (figure(1-5)), but water percentage kept rising. The horizontals 
were completed bare foot, reducing options for clean-out and water shutoff (3). 
As naturally flowing wells started to quit, another phase of development 
commenced: artificial lift by ESPs, beam pumps, and water injection. 
These boosted gross rates and ensured continued production. Initial scaling 
problems were brought under control by continuous down-hole injection of scale 
inhibitor and ESP run life has increased steadily. ESPs in the SE block haven’t 
largely been successful, despite repeated attempts to clean or stimulate the wells 
in this block, Alm-123 and Alm-126 are have been converted to beam pumps instead. 
The cumulative production from Alm field by the middle of 2004 was 156 
MMstb, which represents some 47% of the expectation OOIP. 
Sweep of Pj formation is efficient, as indicated by logs and pressure 
communication. 
Pressure measurement which were taken in all Alm wells indicate excellent 
field-wide pressure communication and a common pressure decline trend of the 
main three blocks, by mid 2003 average reservoir pressure had stabilized at 
around 3300 psi at 2735 m datum depth, which is around 1300 psi below initial 
pressure (4650 psi at 1990) and above the bubble point in all blocks, the aquifer 
provides enough support to maintain this pressure at current gross off take. 
 Water injection after primary production is required to increase reservoir 
pressure to original conditions. 
Water injection was first successfully tasted in 1998, water injection was 
important stage by rate till 5000 bbl/d, it is reached 15000 bbl/d in 2000 and this 
stage until February 2005, this process gave approximately stable rate of oil 
production about 12000 bbl/d from May 2002 till end of 2004, figure (1-4). The 
final development phase includes drilling and apprising small accumulations 
located to the north and south of the main Alm field, on 2004, this stage was 
started with two wells (3). 
Figure (1-6) illustrates the prediction of oil production decline for Alm field 
without applying any EOR method from 2005 to 2033 (abandonment of wells). 
 
 
Figure(1-6) 
 
 
 
 
Primary production methods recovered about 30% of OOIP to 1999, and 
secondary production methods recovered about 20% of OOIP to 2005, these 
processes are not still effective when comparing produced oil with the cost of oil 
production. 
From the above mentioned discussion, the importance of applying of 
suitable EOR method for Alm field becomes increasingly important to improve 
recovery factor, obtain ultimate production of OOIP. 
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Chapter Two 
Screening of possible EOR Methods for Alm Field  
2-1 Methods of Oil Production 
The naturally occurring pressure in the underground reservoir is an 
important determinant of whether the reservoir is economically viable or not. The 
pressure varies of with the characteristics of the trap, the reservoir rock and the 
production history. Most oil, initially, is produced by "natural lift" production 
methods: the pressure underground is high enough to force the oil to the surface. 
Reservoirs in the Middle East, as example, tend to be long-lived on "natural lift", 
that is, the reservoir pressure continues over time to be great enough to force the 
oil out. The underground pressure in older reservoirs, however, eventually 
dissipates, and oil no longer flows to the surface naturally. It must be pumped out 
by means of an "artificial lift" a pump powered by gas or electricity. The majority 
of the oil reservoirs in the USA, as example, are produced using some kinds of 
artificial lift (40). 
So it can be said that Primary Recovery produces oil and gas using the 
natural pressure of the reservoir as the driving force to push the material to the 
surface. Wells are often stimulated through the injection of fluids, which fracture 
the hydrocarbon-bearing formation to improve the flow of oil and gas from the 
reservoir to the wellhead. Other techniques, such as pumping and gas lift help 
production when the reservoir pressure dissipates (46). 
Overtime, these "primary" production methods became ineffective, and 
continued production requires the use of additional secondary production 
methods which use other mechanisms, such as gas re-injection and water 
flooding to produce residual oil and gas remaining after the primary recovery 
phase (46). 
Finally, producers may need to turn to tertiary or enhanced oil recovery 
(EOR) methods. These techniques are often centered on increasing the oil's flow 
characteristics through the use of thermal , chemical and miscible methods to 
produce remaining fluids that weren't extracted during primary or secondary 
methods (40), figure (2-1) shows oil recovery methods. 
 
 
 
 
 
 
 
 
 
Figure (2-1) Oil Recovery Methods (20) 
 
 
• Screening Criteria for Enhanced Oil Recovery Methods 
For the last three decades, scientists have been searching for techniques to 
recover more oil from depleted reservoirs, which still contain as much as 50% of 
original oil in place (OOIP) after primary and secondary recovery (34). 
These techniques are known as EOR, so EOR is any method that increases 
oil production by using materials that are not part of normal pressure 
maintenance or water flooding operation, for example, natural gas can be injected 
into a reservoir to "enhance" or increase oil production (38). 
? EOR Methods: 
Enhanced oil recovery processes have generally been subdivided into three 
major categories as follows (34): 
1- Thermal Processes:  
- Steam Stimulation. 
- Steam Flooding (including hot water injection). 
- In Situ Combustion. 
2- Chemical Processes: 
- Surfactant – Polymer Injection 
- Polymer Flooding. 
- Caustic Flooding. 
3- Miscible Displacement Processes: 
- Miscible Hydro Carbon Displacement. 
- Carbon Dioxide Injection.   -Inert Gas Injection. 
Summary of screening criteria for different EOR methods are shown in the 
following table: 
 
Table (2-1) Shows summary of screening criteria for EOR Methods (4,33) 
  Oil Properties Reservoir Charactaristics 
EOR  Method Gravity (oAPI) Viscosity (cp) Composition Oil Saturation (%PV) 
Formation 
Type 
Net Thickness 
(ft) 
Average 
Permeability 
(md) 
Depth (ft) Temprature (oF) 
Gas Injection Methods (Miscible) 
N2 & Flue gas >35 <0.4 
High persent 
of C1 to C7 >40 
Sandstone or 
Carbonate 
Thin unless 
dipping NC >6000 NC 
HC >23 <3 High persent of C2 to C7 >30 
Sandstone or 
Carbonate 
Thin unless 
dipping NC >4000 NC 
CO2 >22 <10 
High persent 
of C5 to C12 >20 
Sandstone or 
Carbonate Wide range NC >2500 NC 
Immiscible 
gasses >12 <600 NC  >35 NC 
NC if good 
vertical (K) NC >1800 NC 
(Enhanced) Waterflooding 
Micellar/ 
polymer, 
Alkaline  
>20 <35 Light, Intermediate >35 
Sandstone 
preferred NC >10 <9000 <200 
Polymer 
Flooding >15 10 to 150 NC  >50 
Sandstone 
preferred NC >10 <9000 <200 
Thermal 
Combunstion 10 to 27 <5000 
Some 
asphaltic 
component 
>50 
High porosity 
sand/ 
sandstone 
>10 >50 <11500 >100 
Steam 8 to 25 <100000 NC  >40 
High porosity 
sand/ 
sandstone 
>20 >200 <5000 NC 
NC = not critical       
K = permeability       
2-2 Applicability of Different EOR Methods for Alm Field   (Results 
of The Screening)  
A screening of Alm field was performed to assess the applicability of various 
EOR techniques. 
The screening is mainly based on screening criteria found in chapter two of this 
research. These criteria have been established on the basis of successful field 
trails and on physics of the oil recovery mechanisms for each method. The 
applicability of each process is diagnosed by considering the dynamic/geological 
characteristics of Alm field. 
2-2-1 Steam Injection 
This method is of some interest for high viscosity fields (10-137×103) cp, which 
is definitely not the case of Alm field (0.38-0.77) cp. Moreover, high depth of Alm 
field (8500) ft is also a killing factor for steam due to excessive heat loss in the 
well bores before entering the formation, this method is best to be applied in 
shallow depth reservoir until (3500-4500) ft. 
2-2-2 Polymers Injection  
Due to high temperature range of (205) °F of Alm reservoir, this method cannot be 
applied (usually requires temperature less than 200°F to avoid degradation of 
physical properties of the polymer). 
2-2-3 Surfactant Injection  
It is known that surfactant flooding uses low concentration of surfactant in water 
to reduce the interfacial tension between oil and water, requiring (this method) 
large capital investments, being strongly affected by reservoir heterogeneities, 
and salinity that must be low  (<50.000 ppm) while (Alm field salinity = 240.000 
ppm.). 
- Surfactants are very sensitive for temperature which must be <158F ْ    while 
(TAlm = 205F)ْ. 
For these reasons, interest in surfactant flooding has discarded and this method is 
not recommended for Alm field. 
2-2-4 Microbial recovery 
Is not recommended as definitely non mature techniques, the depth must be less 
than 1500 m (4800 ft) and the temperature less than 90ºC (194ºF) while the depth 
of Alm  field is(8500)and TAlm= 205ºF the salinity extremely effects on applying 
of microbial method.  
2-2-5 Downhole vibration Stimulations 
Can also be mentioned, but discarded straight a way as a newly emerging 
technique. It is indeed difficult to understand. 
2-2-6 CO2 flooding 
It is known that CO2 injection is one of the most efficient EOP techniques, this is 
due to swelling effect and reduction of oil viscosity. Moreover miscible 
displacements are more likely to occur. Indeed the pressure required to reach 
miscibility with oil in place is lower for CO2 compared to the other gases. 
According to the large squire of Alm field and the large volume of CO2 which is 
necessary to be injected (30% or more of the hydrocarbon pore volume), a large 
quantities of CO2 would be required for injection to give sweeping efficiently 
with an additional recovery of maximum 10 % of the oil initially in place 
(OOIP). 
2-2-7 Hydrocarbon Gas Injection 
In the case the injected gas is not miscible with residual oil in the formation, oil 
recovery is enhanced through a simple gravity drainage which usually entail a 
better recovery than through water flooding, but in the case the injected gas 
becomes miscible with the residual oil the recovery can reach 90% in the swept 
area (34). 
LPG can be used to enrich the gas and first-contact miscible method uses 
about 5% pv of LPG followed natural gas or gas and water (34). 
According to sensitive behavior of LPG, the condition must be existed in 
the field (as thin pay zone no more than 15 ft, low KV/Kh, no fracture, no free gas, 
no mobile water …) and Alm characteristics, the applying of this method is very 
difficult especially that the consumption of LPG reaches to 15 X 103   scflbbl. 
2-2-8 Air Injection  
Air injection is an EOR process where basically air will oxidize and burn some 
oil generating flue gas (≈ 85% N2 and 15% CO2) with propagating Thermal front 
(34). 
 The additional recovery to be expected can reach 30% of the initial oil. But 
there are many problems face this technique such as: 
- It is a complex process (the injected air should be dehydrated), requiring 
large capital investments.  
- Safety concerns are important as no oxygen should be produced on 
producers or back- produced on air injector. 
- Other operational problems are serve corrosion (it can entail plugging of 
the injector), serious oil-water emulsions, increased sand production (Alm is 
sandstone reservoir), as a conclusion, this process is not recommended for 
Alm field and discarded. 
2-2-9 Water Alternate Gas (WAG) 
WAG is usually implemented as a tertiary process: 4/5 of the fields were 
previously under water flooding. WAG projects usually use the flooding gases 
(CO2, HC, and N2) with water (34). 
Average incremental oil recovery with WAG is between 5% (immiscible) 
to 10% (miscible) up to 20%. According WAG projects using CO2 show an 
average incremental recovery of 10%, while hydrocarbon gases and Nitrogen 
WAG products have incremental recovery of 8%. 
The important parameters for the design of a WAG process are: 
• Miscible/Immiscible process: most of the miscible projects reviewed 
are repressurized in order to reach the miscible pressure. And most of 
the WAG projects are Tertiary process. This would also be the case for 
most Deir-ezour fields (Alm field as example), as water injection or 
aquifer flooding is being performed on Alm field.  
• Well spacing:  most miscible WAG has been performed onshore, with 
a close well spacing and typical five spot injection pattern. This is quite 
a concern for Alm field, evidencing a good recovery per well: 
implementing a WAG project with dose spacing with sharply decreases 
the economy of Alm field. 
 It appears that most of the successful WAG projects concerns reservoirs of 
low permeability (100 md), limited Thickness (100 ft)- as Alm field. 
From previous technical comparative for each EOR methods, it seems likely 
that miscible CO2 injection is main most favorable technique to be considered 
for Alm field, and this conclusion can be drawn from comparing the required 
and actual parameters for Alm Field as shown in table (2-2). Among the CO2-
EOR processes described previously, CO2-WAG is strongly and technically 
recommended for Alm field. 
Table (2-2) The Actual Alm parameters and Required CO2   Conditions. 
 
Parameter Required Actual 
Pressure (psi) > MMP 
Pi = 4650  
Pres = 3300 
MMP= 2640 
Depth (ft) > (2500-3000) 8928-9088 
Residual oil saturation (%) (28-54)% 43% 
Density (°API) > (25-30) 34-35.3 
Viscosity (cp) 0.1-10 0.38-0.77 
Permeability (md) 
High enough for good injection 
rates (>10 md) 
10-100 
500-3000 
Gas cap No large gas cap No gas cap 
Thickness of formations (ft) 8-600 
64-320 
64-128 
Porosity (%) > 10 9.3-14.9 
Temperature (°F) Up to 248°F 
with no known limitation 
205°F 
Lithology All kinds of reservoir rocks sandstone 
Since the objective of this thesis is to study the possibility of CO2 injection in Alm 
field, comprehensive screening criteria for this technique has of great importance.
2-3 Criteria for CO2 Injection Application 
Each oil reservoir has along list of characteristics and the sum of these 
determines the personality of the reservoir and how it will behave when subjected 
to various methods of stimulation. The problem confronting the engineer is to 
determine the value of as many characteristics as possible and then the 
performance behavior (34). 
In this context, each characteristic alone is not determining factor. 
Therefore, the number assigned to a characteristic must not be considered a rigid 
boundary, but only an indication of an order of magnitude. For example, an oil 
gravity of less than 25°API is usually considered unfavorable for enhanced oil 
recovery by CO2 injection. This does not automatically exclude all reservoirs 
having oil heavier than 25°API from consideration; there may be other favorable 
factors that will override an unfavorable one. The following criteria should be 
considered and put in proper perspective (34): 
Residual oil saturation is of primary concern, if the field has been water 
flooded the residual oil saturation may be insufficient for either technological or 
economic success, saturation in the range of 25-30% is often quoted as the 
minimum (34). 
Previous water flooding does not automatically eliminate fields from 
consideration because simulation studies show that considerable oil can be 
recovered from water flooded sands (34). 
A large gas cap is usually an unfavorable factor. If reservoir pressure is 
considerably below miscibility pressure, large volumes of CO2 will be needed to 
obtain miscibility. The density of CO2 may be greater than that of the reservoir 
gas, thus promoting mixing. These problems are being circumvented where CO2 
is being injected at the gas-oil contact and forced downward, aided by gravity 
factor (34). 
A highly fractured reservoir is usually considered unfavorable because the 
fractures provide a conduit from injection to producing well. However, these 
fractures will also pose serious problems for any other type of process being 
considered. An adequate and reliable source of CO2 at reasonable cost is a 
primary prerequisite. The recent strong interest in nitrogen and flue gas as 
alternate gas injection methods is prompted largely by the lack of good CO2 
sources close to many oil fields of the world (34). 
The horizontal permeability of the reservoir rock does not appear to be a 
critical factor; however, the ratio of vertical to horizontal permeability is critical. 
Reservoir simulator study on a water flooded sandstone led to the conclusion that 
the ratio Kv/Kh is most important reservoir parameter in the CO2 process because 
this parameter controls the rate at which the CO2 can segregate (34). Relatively 
thin permeable zones in the reservoir (15-25) feet are technically advantageous 
because they diminish the tendency of gravity override, but the thicker zones 
have an oil volume advantage (34). 
Depth is important because the minimum miscibility pressure is usually 
above 1200 psi requiring a depth greater than 2500 feet in order not to exceed the 
fracture gradient. Temperature is not usually an important factor (34). 
The lower limit of oil gravity is in the range of (25-30) °API depending 
partly on whether the oil is aromatic, asphaltic, … etc. The viscosities of 
reservoir oil in most CO2 projects to date have been approximately 1 cp (34). 
Pure CO2 is best for injection but is rarely available. Contamination by 
methane increases the miscibility pressure; however, 5-10% methane can be 
tolerated. Hydrogen sulfide lowers the miscibility pressure, but causes serious 
problems due to corrosion, health hazard, effect on environment, and odor (34). 
Field experience with CO2 injection to date can be summarized by noting 
that it has been used to recover additional oil under the following wide range of 
conditions (7, 34): 
1- In sandstones, limestone, dolomites and cherts. 
2- To depth of 10800 feet with no known depth limitation. 
3- In formations with average permeability as low as 0.2 md. 
4- At bottom-hole temperature up to 248°F with no known limitation. 
5- In formations varying from 8-600 feet in thickness with considerable 
variation in homogeneity. 
6- Where crude vary in gravities from 16-45°API. 
7- Where crude was displaced immiscibly. 
8- For crude varying in viscosity from 0.15 – 188 cp. 
9- In reservoirs with oil saturations from 28-54%. 
10- With spacing up to 51 acres per well. 
11- When the injected mixture contains up to 29% hydrogen sulfide. 
12- No large gas cap. 
 
The following table shows optimum reservoir parameters and weighting 
factors for ranking oil reservoirs suitable for CO2-EOR (10) 
 
Table (2-3) The Optimum Reservoir Parameters and Weighting Factors for Ranking 
Oil Reservoirs Suitable for CO2-EOR (10) 
Reservoir Parameters Optimum Values Parametric Weight 
API Gravity (oAPI) 37 0.24 
Remaining oil Saturation 60% 0.20 
Pressure over MMP (MPa) 1.4 0.19 
Temperature (oC) 71 0.14 
Net Oil Thickness (m) 15 0.11 
Permeability (mD) 300 0.07 
Reservoir Dip 20 0.03 
Porosity 20% 0.02 
 
 
• Advantages and Disadvantages of CO2 – EOR: 
The main advantages of miscible CO2 injection are summarized as follows 
(34): 
1- Swells oil and reduces viscosity. 
2- Forms miscibility with oil by extraction, vaporization and chromatographic 
transport. 
3- Acts as solution – gas drive, even if complete miscibility is not achieved. 
4- The miscible front, if lost, will regenerate itself as it does with the lean gas 
process. 
5- Unlike LPG, CO2 will become miscible with oils that have been depleted 
of the C2 – C4 fractions. 
6- Carbon dioxide, highly soluble in water, causes the water to swell and 
become slightly acidic. 
7- Miscibility can be attained above pressure of 1500 psi in many reservoirs. 
8- Carbon dioxide is a non-hazardous, non-explosive gas. The CO2 
sequestration has the benefit of reducing the emission of greenhouse gases. 
9- May be available as a waste gas (as from gas-processing plants or 
industrial plants) or from reservoirs containing CO2. 
Carbon dioxide provides an efficient low pressure miscible displacement 
for many reservoirs. The displacement efficiency is high, with the oil saturation 
being reduced to about 5% pv in the contacted area (34). 
Under some reservoir conditions, the density of CO2 is close to that of 
crude oil and approaches that of water. This greatly minimizes the effects of 
gravity override. Some of the disadvantages of CO2 injection as an enhanced oil 
recovery process are summarized as follows (34): 
1- Solubility of CO2 in water may increase volume needed for oil miscibility, 
but this disadvantage maybe partly or wholly overcame by the increased 
volume of the CO2 – saturated water. 
2- The low viscosity of any free CO2 gas at low reservoir pressure will 
promote early breakthrough to the producing well, reducing sweep 
efficiency. Producing of large volumes of diluted gas requires expensive 
clean up and recycling facilities. 
3- After miscibility is attained the oil is less viscous than reservoir oil, 
causing fingering and premature breakthrough. 
4- Injection of slugs of water is often necessary to reduce fingering. 
5- Carbon dioxide with water forms carbonic acid which is highly corrosive. 
Special metal alloys and coatings for facilities are needed. Corrosion 
mitigation can be a considerable part of the cost of the process. 
6- The alternate injection of slugs of CO2 and water requires a dual injection 
system adding to the cost and complexity of the system. 
7- Large volumes of CO2 are needed. It may take 5-10 MCF of gas to 
produce 1 barrel of stock tank oil. 
8- Carbon dioxide is usually not available locally, requiring long-distance 
pipelines. Experiences has shown that CO2 pipelines are more subject to 
breakdown than natural gas pipelines, thus causing expensive delays that 
may interfere with the technical success of the project. 
9- Asphaltic precipitation in the reservoir, as the CO2 strips the lighter 
hydrocarbons from the reservoir oil, the advancing front leaves heavier oil 
behind. A point is reached where asphaltic – like substances in the oil are 
no longer soluble in the stripped oil, these then precipitate and block small 
flow channels (34). 
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3-1 Miscible and Immiscible Displacement: 
The main goals of any EOR method are increasing the capillary number 
and providing favorable (M < 1) mobility ratios (19). 
The capillary number is defined as the ration of viscous to capillary forces. 
ca
Viscous Forces VµN = =
Capillary Forces σcosθ  
Where V and µ are the velocity and viscosity, respectively, of the 
displacing  fluid, σ is the oil-water interfacial tension and θ is the contact angle 
between the oil-water interface and the rock surface (19). 
The mobility ratio, M, is defined as the ration of mobility of the displacing 
fluid to that of the displaced fluid. 
(k/µ) displacingM=
(k/µ) displaced  
Where k and µ are the relative or effective permeability and viscosity, respectively (19). 
Most of gas injection processes could be segregated as miscible or immiscible 
displacement. 
Gas injection processes are most effective when the injected gas is nearly 
or completely miscible with the oil in the reservoir (17). The immiscible gas flood 
increases oil recovery by raising the capillary number due to the relatively low 
interfacial tension values between the oil and injected gas. In miscible flooding, 
the incremental oil recovery is obtained by one of the three mechanisms: oil 
displacement by solvent through the generation of miscibility (i. e., zero 
interfacial tension between oil and solvent – hence infinite capillary number), oil 
swelling and reduction in oil viscosity (29). 
Miscible flooding of gas (CO2 as example) is used for the control of 
viscous fingering and reduction in gas-oil interfacial tension. Miscibility is 
achieved by repressurization in order to bring the reservoir pressure above the 
minimum miscibility pressure (MMP) of the fluids (6). 
The important factors that determine whether CO2 and reservoir oil are 
miscible or not are: the purity of the CO2, Characteristics of the reservoir oil, 
temperature, pressure and the degree of mixing of the   fluids (34). 
The National Petroleum Council (NPC) devised a rough formula for 
estimating whether or not miscibility pressure was attainable based on oil gravity, 
reservoir temperature and reservoir depth as summarized in table (3-1), table (3-
2) and table (3-3) (34). 
Table (3-1) Depth vs. oil gravity screening criteria for CO2      flooding (16) 
For CO2-miscible flooding 
Oil gravity  (°API) Depth must greater than: (feet) 
>40 2500 
32-39.9 2800 
28-31.9 3300 
22-27.9 4000 
<22 Fails miscible, screen for immiscible 
For immiscible CO2 flooding 
13-21.9 1800 
<13 All oil reservoirs fail at any depth 
 
Table (3-2) Miscibility pressure vs. oil gravity (34) 
Oil Gravity (°API) Miscibility Pressure (PSI) 
27 4000 
27-30 3000 
30 1200 
 Table (3-3) Correction for reservoir temperature (34) 
Temperature (°F) Additional Pressure Required (PSI)
120 None 
120-150 +200 
150-200 +350 
200-250 +500 
To estimate whether or not miscibility is attainable in each reservoir, the 
limiting fracturing pressure is estimated by multiplying the reservoir depth by an 
assumed fracturing gradient of 0.6 psi per foot depth. A safety factor of 300 psi is 
subtracted from this limiting pressure to estimate a likely attainable pressure 
(NPC. 1976) (34). 
• Minimum Miscibility Pressure (MMP): 
The minimum miscibility pressure is the minimum pressure, which causes 
the miscibility and gives the maximum  recovery yield. 
The miscibility is very important for the sweep process in the formation 
that if injected CO2 disperses in the formation without miscibility the injection 
process will be not effective, so miscibility needs pressure and temperature (31,32). 
MMP depends on: oil density, oil molecular weight, temperature and 
injected gas composition (31,32). 
Heavy oil high MMP. So MMP increases by increasing the       CO2 - oil 
saturation pressure (31,32). 
CO2 may contain impurities as CH4, H2S, N2 which change MMP, CH4 and N2 
increase MMP, that MMP increases from 1200 psi to 2000 psi when injected CO2 
contains 20% CH4, and MMP increases to 4200 if injected CO2 contains N2. 
While MMP decreases when injected CO2 contains H2S (MMP decreases from 
1200 psi to 1120 psi when H2S increases from 0 to 25%) (31,32). 
 
 
To determine the MMP for any given reservoir, the Cronquist Correlation can be 
used, Figure(3-1), this formulation determines MMP based on reservoir 
temperature and molecular weight (MW) of the pentanes and heaver fractions of 
the reservoir oil (MWC5+), the correlation is set as following (2): 
 
 
MMP= 15.988 T (0.744206+0.0011038MWC5+)  (1) 
 
Where: 
   T          ≡  temperature (oF) 
MWC5+≡ the molecular weight of the pentanes and heaver 
fractions of the reservoir’s oil. 
 
The temperature of the reservoir was taken from the data base or from the 
thermal gradient in the basin (2), the MWC5+ was obtained from the data base or 
was estimated from correlative plot of MWC5+ and oil gravity if (oil 
composition data was missing), shown in figure (3-2), and the correlation is set as 
following: 
MWC5+ = 4247.9864 (oAPI) –0.887022   (2) 
Where : 
OAPI ≡ density of reservoir oil  
 
 
 
Figure 
3-1. 
Estimating CO2 Minimum Miscibility Pressure (2,22) 
 
 
 
 
  
 
 
 
Figure 3-2. Correlation of MW C5+ to Tank Oil Gravity (2) 
 
Calculation of MMP for Alm field: 
From figure (3-2) or cronquist correlation (2):  
API for Alm = 34.5 oAPI 
T for Alm field = 205oF 
MWC5+= 4247.9864(34.5) –0.87022 =194.958   
Then; from correlation (1): 
MMP = 15.988(205) 0.744206+0.0011038(194.958) = 2640 Psi 
MMP calculation is very important, so that, if the MMP was bellow the current 
reservoir pressure, the reservoir was classified as a miscible flood candidate, if 
not the reservoir was selected for potential future consideration as an immiscible 
CO2-EOR flooding candidate (2). 
• Mechanisms of CO2 – EOR: 
Whether it can be carried out as a miscible or as an immiscible displacement and 
regardless of how it is applied in the field, the following mechanisms play a role 
in the oil recovery by CO2 flood (21, 25): 
- Reduction of oil viscosity. 
- Oil swelling. 
- Extraction or vaporization of oil. 
- Miscibility effects. 
- Reduction of interfacial tension. 
- Solution gas drive or blow-down recovery. 
- Increase in the injectivity. 
The mechanisms, which have been listed above, are more or less important 
depending on whether the CO2 displacement is miscible or immiscible. For 
example, the evaporation of crude oil, development of miscibility and reduction 
of interfacial tension are very important with the miscible carbon dioxide process, 
whereas reduction of crude oil viscosity and its swelling are more important 
effects with the immiscible CO2 displacement (25). 
Oil displacement depends on many factors, which are related to the phase 
behavior of CO2-crude mixtures, reservoir's temperature and pressure and crude 
oil composition are the main agents in this         respect (32). 
Displacement characteristics for a given CO2-displacement are shown in 
table (3-4) and figure (3-3). 
Table (3-4) Dominated displacement characteristics for carbon dioxide 
displacement process (25) 
Carbon dioxide injection 
process 
 
Reservoir criteria 
 
Oil recovery Mechanisms
Low pressure applications 
Pressures less than 
1000 psi shallow and 
viscous oil fields where 
water or thermal methods 
Oil swelling and viscosity 
reduction 
are inefficient 
Carbon dioxide injection 
process 
 
Reservoir criteria 
 
Oil recovery Mechanisms
Intermediate pressure, high 
temperature applications 
1000<p<2000 to 3000 pisa 
up to reservoir temperature
Oil swelling viscosity 
reduction and crude 
vaporization 
Intermediate pressure, low 
temperature (<122°F) 
Applications 
1000<p<2000 to 3000 psia 
00<p 
Temperature < 122°F 
Oil swelling viscosity 
reduction and blow down 
recovery 
High pressure miscible 
applications 
Pressure greater than 2000 
to 3000 psia 
Miscible displacement 
 
 
 
 
 
 
Figure (3-3) The Effect of temperature and pressure on carbon dioxide 
displacement mechanism (1,32) 
Where: 
- Region I – Low pressure, different temperature applications. 
- Region II – Intermediate pressure, high temperature applications. 
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- Region III – Intermediate pressure, low temperature applications. 
- Region IV – High pressure, different temperature applications. 
- Region V – High pressure, low temperature applications. 
The transfer from region to another depends on crude oil composition, for 
heavy oil these regions are displaced upwards, this displacement is related to the 
initial viscosity of heavy oil (1,32). 
At low pressure (less than 1000 psi), region I, the effect of CO2 injection 
on oil recovery factor related to CO2 solubility in oil which leads to (1,32): 
1- Oil swelling. 
2- Oil viscosity reduction (especially heavy oil). 
3- Apparent increase of porous saturation by oil. 
4- Increase of porous pressure. 
5- Increase of oil mobility, which caused pushing residual oil through 
production wells. 
At intermediate pressure and high temperature (more than 122°F), region 
II, in addition to the effect of CO2 solubility in oil, the light fraction oil is 
evaporated (1,32). 
At intermediate pressure and low temperature (less than 122°F), region III, 
the effect of CO2 solubility in oil continues, and CO2 gas is condensed in 
important quantities forming CO2-rich liquid mixtures, and rich oil with light 
compounds are formed around the injection well as a result of the large quantities 
of CO2 around the injection well. It must be noticed that the heavy oil mobility 
reduction as a result of the multiphase fluids doesn't inhibit the increase of 
recovery factor (yield) (1,32). 
At high pressure (p>2000-3000 psi) and different temperature, region IV, 
rich gas miscibility and light hydrocarbons accumulations (CO2-rich) cause 
increasing in the miscibility between injected CO2 and original oil (1,32). 
At high pressure and low temperature, region V, liquid-liquid displacement 
is caused by the miscibility between liquid CO2, original oil and connate water, 
so there is one liquid flow process in the formation that the contact surface 
among gas, water and oil is disappeared, which lead to increase the yield (1,32). 
 
 
 
3-2 CO2 Physical and chemical properties: 
CO2 gas has a slightly irritating odor, is colourless and heavier than air (35), 
if its percent in the atmosphere is more than 10% it becomes poisonous, its 
molecular weight is 44.01g/mole. 
CO2 is a gas in normal conditions, it can be a liquid when its pressure is 
more than the critical pressure 73kgf/cm2 and its temperature is less than the 
critical temperature 31°C (88°F), (figure (3-4)). 
 
  
 
 
 
 
 
 
Figure (3-4) Phase Diagram showing CO2 Critical Point (53) 
The density is the mass of volume unit, and it is for CO2 in normal 
conditions (t = 0°C, P = 1 atm): 
3
CO 1.965kg/m22.4
44.01ρ
2
==  
The specific gravity for CO2 to the air = 1.529 
The density of CO2 depends on pressure and temperature,    (figure (3-5)). 
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Figure (3-5) The Change of CO2 Density with Pressure and Temperature (1) 
The density of CO2 can be calculated as following: 
Z.R.T.
Pρ = , where: 
ρ ≡ Density (kg/m3) 
P ≡ Pressure (Pascal) 
R ≡ Gas constant (J/kg.°K) (R for CO2 = 188J/kg.°K) 
T ≡ Temperature. (°K) 
Z ≡ Compressibility Factor. 
Pure CO2 gas turns to a liquid at 31°C, but this temperature increases to 
40°C if CO2 gas contains hydrocarbon gases. 
The density of liquid CO2 is between (0.5-0.9 g/cm3), but at high pressure 
(more than 150 kgf/cm2) and low temperature (less than 40°C) the densities of 
liquid CO2 and Gas CO2 approximate and become      (0.6-0.8 g/cm3), CO2 
viscosity depends on pressure and temperature, (figure (3-6)). 
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Figure (3-6) The Effect of Pressure and Temperature on the Viscosity of CO2 
(1) 
CO2 viscosity increases when the pressure increases at constant 
temperature (1). 
• CO2 Solubility Properties: 
The Solubility in Water: 
CO2 dissolves in water more than hydrocarbon gases do, this solubility 
increases with the increase of the pressure and the decrease of the temperature, 
(figure (3-7)). The solubility decreases with the increase of the salts concentration 
in water (1). 
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 Figure (3-7) The Effect of Pressure and Temperature on CO2 Solubility in 
Water (1) 
The Solubility in Oil: 
CO2 dissolves in hydrocarbons largely, there are three factors control the 
solubility of CO2 in oil: pressure, temperature and crude oil structure, figure (3-8) 
shows that CO2 solubility in oil increase with pressure increase and temperature 
decrease. 
 
 
 
 
 
 
 
 
Figure (3-8) The Effect of the Pressure and Temperature on CO2 Solubility 
in Oil (7,31) 
The solubility of CO2 in oil is (4-10) times more than its solubility in 
water, also it is more than the solubility of methane in oil, however, the solubility 
of CO2 in light oil is more than its solubility in heavy oil, because heavy 
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compounds inhibit the solubility, also when CO2 contains methane or azotes (N2) 
its solubility in oil will decrease. 
The pressure of CO2 solubility in oil (it is the required pressure for 
dissolving a determined amount of CO2 gas in oil) is affected with the following 
factors: 
1- The pressure of CO2 solubility in oil increase when temperature increases, 
because when temperature increases more pressure is needed to dissolve 
CO2 in oil. 
2- The pressure of CO2 solubility is affected with the type of oil, it is in light 
oil less than it in heavy oil, so the solubility of CO2 in light oil is faster 
than it in heavy oil. 
3- The pressure of CO2 solubility in oil is affected with the quality and the 
quantity of impurities in CO2, it increases when impurities concentrations 
increase. 
4- The pressure of CO2 solubility in oil increases by the increasing of the 
saturation pressure (31). 
The solubility of CO2 in oil is evaluated by Stending relation: 
[ ]{ }460)/(TρC.Exp.P.CRs o3C21 += gϕ  
Rs ≡ CO2 solubility in normal conditions ((ft3/barrel). 
ϕg ≡ Relative specific gravity for gas. 
P ≡  Pressure (psia)  ρ0 ≡ Initial oil density (°API) 
T ≡ Temperature (°F)  C1, C2, C3 ≡ Constants 
* For oil has initial density ρ0 ≤ 30°API (ρ0 ≤ 876.2 kg/m3): 
C1 = 0.0362, C2 = 1.0937, C3 = 25.724 
* For oil has initial density ρ0 > 30°API: 
C1 = 0.0178, C2 = 1.1870, C3 = 23.931 (1) 
• CO2 Effect on the Formation Fluids and Rocks: 
? CO2 Effect on Physical Properties of the Formation Oil: 
a- Oil Swelling: oil volume increases when CO2 dissolves in it, light oil has high 
swelling because the solubility of CO2 in light oil is more than it in heavy oil. 
The swelling factor depends on pressure, temperature and crude oil structure, (figure (3-9)). 
 
 
 
 
 
 
 
 
 
Figure (3-9) The Effect of Pressure and Temperature on the Swelling Factor 
of Oil (7,31) 
The oil swelling is important because: 
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1. It leads to apparent increase in porous saturation degree with oil, which 
causes pressure increase in the porous and drives the residual oil through 
the production wells. 
2. It pushes the water out the porous which causes increasing in the oil 
effective permeability and improves oil mobility in the formation. 
The oil swelling when CO2 dissolves in it is determined (according to 
Frank. T. H. Chong and Nomas. Y. Proshfed) by the following   relation (1): 
-4
sw sα =1+6.2335×10 ×R  
b-Density: The change of oil density, when CO2 dissolves in it, is not regular. At 
the first it is noticed that there is a simple increase of the mixture density (1.9-
2.1)%, then the density decreases (1). 
The simple increase of the oil density is caused by the decreasing of the 
light ends in the oil, however, its decrease is caused by the increasing of oil 
volume as a result of solubility in oil. 
The density of saturated oil with CO2 is evaluated as following: 
0
0
0
3.2130
)).((
B
MRSO
SC +=
ρ
ρ  where: 
ρo ≡ Saturated oil density (Lb/ft3) 
M ≡ Molecular weight of the gas. 
ρosc ≡ Dead (residual) oil density o141.5= 62.4
131.5+ API
⎡ ⎤⎢ ⎥⎣ ⎦  
Bo ≡ Volume factor (bbl/STB) 
Rso ≡ gas solubility (SCF/STB), where: 
)615.5).(/()).(1(
)4.379).((
2
2
OSCCO
CO
SO MoilY
Y
R ρ−=  
YCO2 ≡ molecular fraction of CO2 in the mixture 
Moil ≡ molecular weight of the oil (1) 
Oil density is evaluated as following: 
Cmix ×+= 0008.00ρρ , where: 
ρo ≡ initial oil density 
C ≡ CO2 concentration in the mixture (31) 
c- Viscosity: oil viscosity decreases during oil saturation with CO2, when initial 
oil viscosity is high the viscosity decrease will be high as following: 
1. For initial oil viscosity (1000-9000) cp viscosity decreases          (70-150) 
times. 
2. For initial oil viscosity (100-600) cp the viscosity decreases        (16-30) 
times. 
3. For initial oil viscosity (10-100) cp the viscosity decreases           (5-15) 
times. 
4. For initial oil viscosity (2-9) cp the viscosity decreases                 (2-10) 
times (34). 
Te rate of oil viscosity decrease as a result of CO2 solubility depends on 
initial crude oil structure, pressure and temperature,        (figure (3-10). 
 
 
  
 
 
 
Without CO2 in 140°F 
With CO2 in 140°F 
Without CO2 in 200°F 
With CO2 in 200°F 
 
 
 
Figure (3-10) The Effect of Pressure and Temperature on Oil Viscosity 
(with/without CO2) (34) 
? CO2 Effect on Physical Properties of Water: 
Water swelling which results from dissolved CO2 in the water is not high, 
and the decrease of water density is low, water density depends on pressure and 
temperature, (figure (3-11)). 
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Figure (3-11) The Effect of Pressure and Temperature on the Mixture (CO2-
Water) Density (14) 
The solubility of CO2 in water caused increasing in water viscosity, (figure 
(3-12)). 
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 Figure (3-12) The Effect of CO2 Solubility on Water Viscosity (14) 
The relation between carburetted water viscosity and temperature can be 
determined from the following equation: 
t -3 -7 2
2.185=
40.12×10 T+5.1547×10 T -1
µ       , where: 
 µt ≡ The viscosity of saturated water with CO2 (cp) 
T ≡ Temperature (°F) 
The relation between carburetted water viscosity and pressure at 20°C is 
determined from the following equation: 
BK BO= +0.00175Pµ µ , where: 
µBO ≡ the viscosity of water without CO2 (cp) 
P ≡ Pressure (MPa) (14) 
• CO2 Effect on the Properties of Rocks: 
a- Conglomerate Rocks: The mixture of water and CO2 forms carbonic 
acid as following: 
2 2 2 3CO +H O H CO?  
Carbonic acid fixes the clay and prevents its swelling by water as a result 
of PH decrease, water causes clay swelling within the rocks (particularly 
conglomerate rocks) which leads to decrease the rock permeability and the oil 
displacement by water becomes difficult. So CO2 adding to the injected water 
decreases the clay swelling (31). 
b- Carbonaceous Rocks: The carbonic acid which is formed from the reaction of 
water and CO2 improves the injection process effectiveness as a result of the 
partial solubility of the rocks as following: 
2 3 3 3 2
2 3 2
H CO +CaCO Ca(HCO )
H CO3+MgCO3 Mg(HCO )
→
→  
The formed bicarbonate is completely dissolved in water which increases 
the permeability of carbonaceous rocks specially nearby the injection well where 
a large quantities of water and CO2 is passed, although the effectiveness of 
injection process may decrease because of the volatile compounds which remain 
free in the solution during the partial solubility of carbonaceous rocks, which 
close the porous and reduce the permeability (31). 
3-3 CO2 Flooding Processes: 
A critical step in a successful CO2 injection project is to attain a zone in 
which the CO2 and reservoir oil have mingled and formed a new fluid that is 
more easily displaced than the original reservoir oil. Almost as critical is the 
method used to push this expanded reservoir oil to the production well (34). 
At least five methods of CO2 and water injection have been proposed as 
following: 
1-Continuous Injection of CO2 (CGI): 
This is the simplest method of CO2 injection, high percent of CO2 is 
continuously injected in the oil (economic considerations must be noticed) (7,31). 
2- Injection of Carburetted Water (CO2 concentration is to 50%):  
This method is only used in the case of severe reservoir heterogeneity and 
high oil viscosity (7,31). 
3- Injection of alternate Slugs of CO2 and Water (WAG): 
A CO2 slug (%pv) followed by alternate water and CO2 slugs, so the mobility of 
CO2 gas is largely decreased and large quantities of CO2 gas is trapped in water, 
then all CO2 and water slugs are driven by water  (7,31). 
 
Figure (3-13) Schematic of the water – alternating – gas process (41) 
This method is controlled by (31): 
1- The initial slug volume. 
2- Water to injected CO2 ratio (WAG ratio). 
3- Porous volume. 
WAG ratio of 1:1 is the most popular for field applications (19). The 
increase in WAG ratio causes shielding of residual oil from injected CO2, and 
decreasing in CO2 flow to the high permeability formations in the injection wells 
(31). The decrease in WAG ratio causes gravity segregation of injected CO2 and 
water (as a result of water and CO2 densities differences), and decreasing in 
sweep efficiency further from the injection wells (15, 26), (figure (3-14)). 
 
 
 
 
 
Figure (3-14) Schematic of the gas-water gravity segregation (28) 
The essential factor to determine WAG ratio is to prevent the flow of gas to production 
wells as following (31): 
1- At complete miscibility of CO2 and oil the WAG ratio is (20-25)% pv. 
2- At low miscibility of CO2 and oil (heavy oil, low pressure) and 
heterogeneity WAG ratio must be low. 
Almost all the commercial miscible gas floods today employ the WAG 
method (13). 
Gas injection projects contribute about 40% of the total US-EOR 
production, most of which are WAG floods. Almost 80% of the WAG flood 
projects are reported on economic success (11), (figure (3-15)). 
Important technical factors affecting WAG performance that have been identified 
are: heterogeneity, wettability, fluid properties, miscibility conditions, injection 
technique, WAG parameters, physical dispersion and flow geometry (27). 
Figure 
(3-15) 
WAG 
survey 
– 
distribution/application of WAG (19) 
4- Injection of a Slug of CO2: 
Certain volume of CO2 (10-80)% pv is injected in the reservoir and drived 
by fluid (generally water) (31). 
5- Cyclic Injection of CO2 (Huff and Puff): 
This method is used to stimulate the mobility of heavy oils, many tons of 
CO2 are injected in the reservoir, the reservoir is closed for a period to dissolve 
the maximum amount of CO2 in oil at the maximum distances from well hole. 
When the well is reopened the flowing oil is produced as a result of dissolved 
CO2 gas drive. This process can be returned many times (31). 
 
3-4 World-Wide CO2 Injection Projects: 
World-wide , over 2 million barrels of oil per day (bopd) are being 
produced from various EOR projects. In 1998, of 199 active US EOR projects 
producing a total of 759.965 bopd, 66 projects were miscible CO2 floods 
accounting for over 179.000 bopd of production (20,45). 
Carbon dioxide injection has been field tested on small scale for many years, but 
most of these early immiscible projects were abandoned because of discouraging 
results, the present high interest in miscible CO2 injection which began in the 
early 1970s, is due to a combination of higher oil prices, the approaching end of 
many water floods and the need for good enhanced oil recovery processes (34).  
CO2 enhanced oil recovery (EOR) technology allows operators to recover oil that 
would normally be left in the ground when a field reaches the end of its 
conventional economic life (50). 
Generally, CO2 flood has breathed new life into the old fields, and oil would have 
been left in the ground without the application of CO2 technology  (47). 
 The following table shows the major CO2 projects in the                   world 
(23,34,42,43,49). 
T
able (3-5) Major CO2 Injection Projects in the World (23,34,42,43,49) 
Sand 
Thickness ft Field Formation 
Depth 
(ft) 
BHT 
(°F) 
Oil 
Gravity 
(°API) 
Permeability 
(md) 
Porosity 
(%) 
Gross Net 
Miscibility 
Pressure 
(psi) 
Field 
Spacing 
(Ac/Well) 
Start 
Date 
(year) 
Field
Producti
(acres
Arkansas Richle 
Union Co.  
Baker – SS 2600 126 16 2750 31 8 8 None 20 1969 250 
Lick Creek 
Bradley Co. 
Meakin – SS 2250 118 17 1500 29 16 12 None 20 1976 1120
Louisiana 
Weeks Island 
- 12800 225 33 3500 27 100 70 5500  1977 679 
Mississippi little Creek 
Lincoln Co.  
TUSC – SS 10700 248 39 65 23 360 29 5000 40 1974 6310
Texas North Cowden 
Ector Co. 
Gray burg - Dol 4300 94 35 7 11 409 125 NA 40 1973 37000
Crossett  
Crane Co.  
Devonian - Ch 5300 106 44 3 22 110 80 1650 40 1972 1120
 
Sand 
Thickness ft Field Formation 
Depth 
(ft) 
BHT 
(°F) 
Oil 
Gravity 
(°API) 
Permeability 
(md) 
Porosity 
(%) 
Gross Net 
Miscibility 
Pressure 
(psi) 
Field 
Spacing 
(Ac/Well) 
Start 
Date 
(year) 
Field
Producti
(acres
South Gilllock 
Galevation Co. 
Frio – SS 9000 214 38 900 28 61 36 NA 40 1972 5900
Kelly – Snyder 
Scurry Co. 
Canyon – LS 6700 132 42 19 8 213 139 1600 51 1972 50000
Mead-Strawn 
Jones Co. 
Strawn – SS 4475 135 41 9 9 NA 9 850 NA 1964 NA 
Slaughter 
Hockly Co. 
San Andres – DOL 4950 105 28 8 10 150 89 1075 34 1976 87000
Twofreds  
Loving Co. 
Delaware – SS 4800 104 36 33 20 42 25 1400 40 1974 3000
Wasson 
Yoakum Co. 
San Andres – DOL 4890 107 32 2 11 450 111 1250 20 1972 63500
 Sand 
Thickness ft Field Formation 
Depth 
(ft) 
BHT 
(°F) 
Oil 
Gravity 
(°API) 
Permeability 
(md) 
Porosity 
(%) 
Gross Net 
Miscibility 
Pressure 
(psi) 
Field 
Spacing 
(Ac/Well) 
Start 
Date 
(year) 
Field
Producti
(acres
West Virginia 
Granny's Creek Clay Co. 
Big Injun – SS 2000 75 45 5 18 40 34 1000 10 1976 3000
Griffithville 
Lincoln Co. 
Berea – SS 2300 83 43 6 11 22 12 1000 10 1976 10000
Rock Creek 
Roane Co. 
Big Injun – SS 2000 73 45 20 22 40 35 1000 10 1976 11200
Canada 
Weybrun Westport Co. 
Mississippian 
Midale 
4655 151 30 10 26 89 30 2000 - 2002 52000
Western Kansas and 
Oklahoma Morrow 
 Shell CO2 Co. 
Marine Shales 6100 140 40 47 17 - 25 2100 - 1999 - 
Texas 
Cogdel Sourry Co. 
Canyon  6000 130 40 - - - - - - 1999 2000
 
Sand 
Thickness ft Field Formation 
Depth 
(ft) 
BHT 
(°F) 
Oil 
Gravity 
(°API) 
Permeability 
(md) 
Porosity 
(%) 
Gross Net 
Miscibility 
Pressure 
(psi) 
Field 
Spacing 
(Ac/Well) 
Start 
Date 
(year) 
Field
Producti
(acres
Texas Reeyes 
Yeakum Co. 
San Andres 5000 105 32 - - - - - - 2000 5100
Oman – Safah - 6500 212 42 5 20 - - - - 1995 310 
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Chapter Four 
Prediction of Oil Recovery Factor by Miscible CO2-WAG Injection in 
Alm Field 
4-1 Introduction 
The recovery factor (Rf) for oil is a target for how great a proportion of the oil 
can be recovered, generally it can be said that: 
Rf =  (12) 
So the in-place volumes and the volumes assumed to be recoverable are both 
used to calculate the recovery factor. 
Good knowledge of the reservoir is required, and comprehensive studies will be 
needed for correct calculation recovery factor (12). 
4-2 Oil Recovery Factor by CO2: 
 The recovery factor by CO2–EOR process is calculated as follows(30,48): 
( ) ⎟⎟⎠
⎞
⎜⎜⎝
⎛−=
)(E
EE SS
.BS
B  R
vm
m
vmormorw
oioi
o ……………………... (1) 
Where: 
R  ≡ Recovery factor by CO2 process (%). 
Evm  ≡ Volumetric sweep efficiency of the water flood (%). 
Em  ≡ Sweep efficiency of CO2 miscible displacement (%). 
Sorm  ≡ Residual oil saturation in zone swept by CO2 (%). 
Sorw ≡ Average oil saturation in the reservoir volume swept by the  
  water flood (%). 
Estimate of recoverable
Estimate of in-place oil
SOi ≡ Oil saturated in the reservoir at discovery (%). 
BOi ≡ Oil formation volume factor at initial pressure. 
BO ≡ Oil formation volume at the reservoir pressure, which exists when 
Np are produced, where: 
Np ≡ ultimate oil recovery by primary and secondary methods (Stock-tank-
barrels). 
BO = ( )60 - Tα1 R+  (18)…………………………………….…(2) 
α = 0.000288+8.0411×10-6°API-1.890×10-7×(°API)2 ……. (3) 
°API ≡ stock-tank oil gravity in degrees, °API 
TR ≡ reservoir temperature, °F. 
 Residual oil saturation (Sorw) can be calculated by the following equation 
(18): 
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⎛ −= ………………………………………....... (4) 
Where; 
N ≡ estimate initial oil in place (stocktank-barrels). 
 Assuming residual oil saturation in zone which will be swept by CO2 in 
most of situations between (10-15)% Evm can be computed from the following 
equation: 
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 And (Ev/Evm) can be calculated via Koval factor as follows(30): 
425.0
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E ≡ Effective Viscosity or mobility ratio defined by Koval. 
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H ≡ Heterogeneity Factor equal 1 (homogeneous reservoirs) 
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)V(1
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H ……………………………………………… (8) 
F ≡ Gravity override factor equal 1, if assuming no gravity override 
Where: 
 µO ≡ oil viscosity, cp. 
µS ≡ CO2 viscosity, cp.  
VDP ≡ Dykstra – Person Coefficient. 
And: K
1
Evm
Ev = ………………………………………….(9) 
  = 0.69 ≈ 0.7 
* Case study: Alm field data: 
BOi = 1.15  
TR = 205°F 
API = 34.5°API. 
So: 
α = 0.00340461  from eq.(3) 
BO = 1.0493 ≈ 1.05 from eq.(2) 
SOi = 0.81 = 81%  
81.0
15.1
049.1
265
7.157265SOrw ××⎟⎠
⎞⎜⎝
⎛ −=   = 31.378 from eq.(4) 
 
⎟⎠
⎞⎜⎝
⎛ −
−×
=
0.81
0.31
1.05
1.15
1
1.05
1.15
265
157.7
Evm = 0.7254       from eq.(5) 
 µO=  0.57 cp 
 µS = 0.027 cp 
VDP= 0.5 
Then: 
4537.2
0.027
0.570.220.78E
4
4
1
=⎥⎥⎦
⎤
⎢⎢⎣
⎡
⎟⎠
⎞⎜⎝
⎛+=   from eq.(7) 
( ) 574.00.5-1
0.5H 2.0 =⎥⎥⎦
⎤
⎢⎢⎣
⎡=  from eq.(8) 
⇒ K = H.E.F. = 0.574×2.45×1 = 1.44 
And: K
1
Evm
Ev =  = 0.69 ≈ 0.7 from eq.(9) 
Then the recovery factor obtained from CO2 injection can be predicted by the 
following (eq. – 1). 
( ) ⎟⎟⎠
⎞
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( ) 12.229%0.122290.70.7250.100.31378
1.150.81
1.05 ==××−×  
R = 12.229% 
This value lay between the expected value EOR recovery factor for  WAG-CO2 
injection, which usually varies between (5-15) (58) 
The recovery factor was considered (Rf=12%) for economical evaluation, then 
the predicted rate of recovered oil production according to WAG-CO2-EOR 
process can be calculated as follows: 
Rst= Rf ×  N  ………………..(10) 
So: 
Rst= 0.12×  265× 106= 32 MMbbl. 
4-3 Volumes of Injected Materials: (CO2, H2O) (48) 
CO2: 
The CO2 required for Sandstone reservoir, as such encountered in Alm field was 
established as 26% of pore volume 
CO2 required = (gas) bbl 1085 0.26100.81
265 56 ×=××  
Conversion of CO2 from surface condition to reservoir was assumed to be: 
2 Mcf CO2 (std.cond.) per 1.0 reservoir bbl 
2×103 cf CO2 → 1 bbl. 
XgasCO2 → 85×106 
X = 170×109 cf    = 170 Tcf. 
Water: 
CO2/water ratio for Sandstone reservoir was established as 1:2, but for Alm field 
the most favorite water requirement was established of             85×106 bbl. 
1) Assuming the field life of the project of (10) years: 
For CO2: 
- Total CO2 requirement is 170× 109 cf, and 
 For 10 years: 170/10×109 = 17×109 cf/year. 
 Annual average: 170/365×109 = 46.5 MMcf/day 
 For water: 
 85/10 ×106 = 8.5×106 bbl/year 
 Annual average: 8.5/365×106 = 23.287 bbl/day 
2) Assuming the field life of the project of (15) years: 
 For CO2: 
 170/15×109 = 11.33×109 cf/year 
 Annual average: 
 11.33/365×109 = 31MMcf/day 
 For water: 
 85/15×106 = 5.66×106 bbl/year 
 Annual average: 
 5.66/365×106 = 15525 bbl/day 
                    Ejection rate  
Project Life 
CO2 gas (MMcf/day) Water (bbl/day) 
10 years 46500 23000 
15 years 31000 15525 
 
4-4 Oil production Forecasts 
 The following tables and figures show the oil production forecasts 
curves assuming 10 & 15 years for the project life taking into account 
that the RF of approximately 12 % from Alm field  
Table (4-1) Shows Oil Production Forecasts assuming (10) Years of 
project life 
 
Years 
Oil Production 
(bbl/day) 
Annual 
Production 
(MMSTB) 
Cumulative 
Annu. Prod. 
(MMSTB) 
Recovery 
Factor (%) 
1 10000 3.4 3.4 1.283019 
2 13500 4.59 7.99 3.015094 
3 15000 5.1 13.09 4.939623 
4 13500 4.59 17.68 6.671698 
5 11052.87 3.757974 21.43797 8.089802 
6 9049.321 3.076769 24.51474 9.250846 
7 7408.957 2.519045 27.03379 10.20143 
8 6065.941 2.06242 29.09621 10.9797 
9 4966.372 1.688567 30.78478 11.6169 
10 4066.122 1.382481 32.16726 12.13859 
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Table (4-2) Shows Oil Production Forecasts Incase of (15) Years 
 
Years 
Oil 
Production 
(bbl/day) 
Annual 
Production 
(MMSTB) 
Cumulative 
Annu. Prod. 
(MMSTB) 
Recovery 
Factor (%) 
1 9000 3.06 3.06 1.1547 
2 11500 3.91 6.97 2.6301 
3 14000 4.76 11.73 4.4264 
4 13152.36 4.4718 16.2018 6.1138 
5 10430.35 3.5463 19.7481 7.4521 
6 8271.686 2.8123 22.5605 8.5133 
7 6559.779 2.2303 24.7908 9.3550 
8 5202.168 1.7687 26.5595 10.0224 
9 4125.527 1.4026 27.9622 10.5517 
10 3271.709 1.1123 29.0746 10.9715 
11 2594.596 0.8821 29.9567 11.3044 
12 2057.619 0.6995 30.6563 11.5684 
13 1631.774 0.5548 31.2111 11.7778 
14 1294.062 0.4399 31.6511 11.9438 
15 1026.243 0.3489 32.0000 12.0755 
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Figure (4-2) Shows Oil Production Forecast curve incase of (15) Years
  
 
 
 
 
 
The production profile can be set a fixed percentage of the total recovery as computed by the 
recovery model obtained from analogous fields for sandstones reservoirs. The schedule is 
shown in the following table assuming that the reservoir will be developed on 40 – acre 
spacing. 
 
 
 
Production Rate Schedille for Carbon Dioxide Miscible 
 
Year Percent of  EOR 
1-3 
4 
5 
6 
7 
8 
9 
10 
0 
6 
19 
26 
21 
13 
9 
6 
Total 100 
 
 
 
 
The following figure shows production profile that is used in previous table.  
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Chapter Five 
 
Proposed Surface Facilities for          Alm 
Field 
Chapter Five 
Basic Design of Alm Field Surface Facilities  
5-1 The Sources of CO2 : 
Carbon dioxide is formed from the combination of two elements carbon and oxygen. It is 
produced from the combustion of coal or hydrocarbons, the fermentation of liquids and the 
breathing of humans and animals, found in small proportions in the atmosphere (0.03%), it 
is assimilated by plants which in turn produce oxygen, it cannot sustain    life (35). 
 
The greatest consumer of carbon dioxide (accounting for over 60% of total 
consumption) is enhanced oil recovery processes (51). CO2 sources are shown in 
table (5-1). 
 
The main sources of CO2 in Syria are: Ammonia units, thermal stations, 
Fermentation, but the most probable source economically is natural gas fields as 
example (Gbiseh fields) which contain about 10% CO2 (24), and the distance 
between the Deir ez-Zour and Gbiseh gas field is about 150 Km, that decreases 
the cost of CO2 transportation. 
 
  
Table (5-1) The Sources of CO2 (31,52) 
The Sources The Concentration 
Natural sources from mineral origin More than 90% (volumetric) 
Natural gas or connate gas Up to about 20% (must be purified)
Ammonia units More than 90% 
Thermal stations (with natural gas) 
smoke 
Less than 10% (must be purified) 
Thermal stations (with fuel) smoke Less than 15% (must be purified) 
Ethylene oxide units More than 90% 
Waste products smoke 3-15% (must be purified) 
Boilers smoke 30% (must be purified) 
Fermentations More than 90% 
 
The following table shows some technical Characteristics of the natural gas and 
CO2 in some of Ghibseh fields (nofaal). 
Table (5-2)   Some Technological Charactaristics of The Natural Gas and CO2 in some of 
Ghibseh Fields (n). 
 
Ghibiseh 
 
  Field 
Ghona (NG) 
 
 
Hoal (NG) 
(NG) (AG) Parameter
10625.3 14427 25084 14938.8 Total Natural Gas (Kg/hr) 
20 20 65 30 Temprature (oC) 
17.2 18.7 24.6 21.4 
Molecular 
weight 
(gr/mole) 
2.08 2.27 168.5 2.51 Density (Kg/m3) 
------ 134.5 8248.1 420.6 CO2 (Kg/hr) 
NG = Natural Gas 
AG = Attendant Gas 
  
5-2 Surface Facilities for Alm Field 
5-2-1 Existing Surface Facilities 
Wells: 
There are 37 production wells, 5 of these are water injection wells,           2 
abounded wells. 
Separators: 
There are 3 separators distributed as follows: 
V-201 (3 phases) /oil, gas, water/ 
V-202 (2 phases) /oil, water/ 
V-203 (2 phases) /oil, water/ 
V-204 (3 phases) /oil, gas, water/ 
By capacity : 50000 pbd(barrels per day) 
Pumps: 
There are 4 pumps distributed as follows: 
2 pumps: P- 130 A/B/C booster. 
2 pumps: P- 131 A/B/C Shipping. 
Compressors : 
There are 3 VRU compressors for transported gas to plant at 40 bar    (588 at) and 
60 bar(882 at), by means of pipelines ( 6 and 8) inches. 
Oil storage tanks: 
There are 4 tanks (T-201, T-202,T-203,T-204), the capacity of each tank  is 
10000 bbl/d 
With pipelines diameters are (10 and 12) inches. 
Headers:   
IP with 85 psi (intermediate pressure). 
HP with 145 psi(high pressure). 
For water : 
there are a few water stations with capacity :20000 bbl. (3) 
 
5-2-2 Modification of Surface Facilities 
Figure (5-1) shows the component of EOR-CO2-WAG system (5) 
While figure (5-2) illustrates the typical EOR-CO2-WAG field operation and 
approximately shows the proposed conceptual design for Alm field surface 
facilities, it can be noticed that (5): 
• Carbon dioxide pipelines from natural or thropogenic (if needed) sources, 
CO2 is transported via these pipelines and injected via dedicated CO2 
injection wells with suitable compressors, then proposed water amounts 
are injected 
• Then oil, natural gas, water, and CO2 are produced by a production well 
and then these components are separated at the surface. 
• Oil is collected and sold, water is processed and then re-injected in the 
injection wells. 
• CO2 is squatted compressed and recycled back into the formation in the 
injection wells. 
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Figure (5-1) Components of EOR-CO2-WAG System (5)
Water 
  
 
 
 
 
 
 
 
 
Figure (5-2) Typical EOR-CO2-WAG Field Operation (5) 
 
The life span of the typical EOR-CO2-WAG projects in the range of       10 to 30 
years (5), depending on a variety of technical and economic variables, such as the 
ratio of injected water/CO2 to oil recovery, market prices of oil and CO2 
injecting, operation costs, and other factors. 
The current surface facilities for Alm fields require to upgrade existing water 
injection facilities to meet the requirement of CO2-WAG injection process that 
mean (23000bbl/day & 46500 Mscf/day) for assuming 10years goal or (15525 
bbl/day & 31000 Mscf/day) for assuming 15 years project life. 
Water 
Pump 
CO2        
inj. well 
Injection of these amounts of water of CO2 require to drill and/or convert some of 
existing producers to injectors. 
The number of infill wells that might be drill to sustain production 
profile ,the recently developed dynamic model ‘WHOLE METHOD’ 
plot from the correlation between Qo / QL versus number of active 
producers in Alm field ,obtained from the field past production 
performance. 
 Figure(5-4) shows the correlation (Qo / QL vs. No of wells  
Where, Qo ≡ cumulative oil production rate (bbl),              
 QL≡ cumulative liquid production rate (bbl) 
Correlation between Qo/Ql vs. No of Wells
y = -0.0211x + 1.132
R2 = 0.931
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Figure(5-4) 
 
  
 
Correlation between Qo/Ql vs. Years
y = -0.0384x + 1.623
R2 = 0.9877
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Figure (5-4) Correlation between Qo/Ql vs. No of Wells (Mixed) 
Prediction based on the correlation with 28 vertical wells, drilled in the early 
stage of the field producing life, the maximum number of vertical wells, which 
can be drilled in the field ( including the existing)  should not exceed 53 wells. 
However further drilling of 9 horizontal wells ( + existing 28 vertical wells) 
reduced the total number of mixed infill wells to 42. The difference between this 
predicted number and current active producers in Alm field will be (42-37=5) 
wells. From these 5 infill wells one will be a horizontal and four will be vertical 
based on the current horizontal/vertical wells number ratio. This conclusion has 
to be considered as a guide for output of number and type of mixed infill wells 
that might be drilled in the field, the location of these well must be defined based 
on reservoir simulation model and detailed in depth study to identify the area of 
bypassed oil.  
Based on the analysis of existing wells performance, drilling of these wells will 
not add more 2000bbl/day, this result in its turn is pushing towards of the 
application of CO2 –WAG injection in this field. 
Briefly this basic case should consider: 
?  Drilling of 1 horizontal and 4 vertical infill wells. 
? Conversion of some existing producers wells to injector to meet the 
requirement of CO2 –WAG injection rate. 
? Modification of surface facilities to inject 46500Mscf/day of CO2 
and increase water injection from (15000 to 23000) bbl/day for 10 
years of project life. 
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Chapter six 
Project Economics for Alm Field 
6-1 Project Design and Surveillance Considerations. 
 There is no single formula or recipe that can be used to design a CO2 
project. The best method to design, evaluate, implement and monitor a CO2 EOR 
projected is depending on such thinks as: field size, CO2 cost, field operational 
cost, conditions of existing well bores and enhanced oil recovery potential … etc 
(8). 
Project evaluation should start with the fastest and least expensive methods, for 
example; using analogies from other similar projects (8). 
A more detailed analysis can be performed if the accuracy of the data and the 
present worth cost benefit ratio warrant such work (8).  
The next step is to use reservoir modeling (streamline or Complex 3-D multi-
component full reservoir simulation) to determine the best injection pattern, 
optimum WAG ratios and most profitable CO2 slug size. 
Methodology for economic analysis 
Total costs of CO2 EOR can be divided into costs for: 1) capture, 2) compression, 
3) transport, and 4) injection (9). 
Costs of CO2 can vary widely depending on whether the source is natural or 
manufactured gas, and the transportation means and distance (44,48). 
Assessed to large volumes of CO2 is required in order to use CO2 for enhanced 
oil recovery, for Alm field, so the CO2 source should be large, concentrated 
emission sources situated as close to the Alm field as      possible (12). 
In Syria CO2 sources are shown in previous chapter (Chapter Five). 
At the moment there are a few CO2 sources in Syria that enough to be candidates 
for supply of CO2 for EOR (3). 
6-2 CO2 Costs 
? CO2 Capture Cost: 
Capture costs depend on the amount of CO2 to be captured, CO2 concentration 
and pressure in the stream of emissions source and the nature of capture process 
(chemical/physical absorption, chemical/physical adsorption, membranes, 
cryogenic fractionation … etc). (9). 
In case of capture technology that is used for separation of CO2 from the natural 
gas fields, the pressure and concentration of CO2 is higher than in the exhaust gas 
from a gas power plant, and thus, it is easier and cheaper to capture, in spite of 
this matter CO2 capture from a gas power plant can be get via three methods: 
1- Capture of CO2 from exhaust gas after combustion – the most thoroughly 
tested technology. 
2- Capture of CO2 from the fuel before combustion (decarburization). 
3- Capture of CO2 from gas power plants with oxygen – rich combustion. The 
problem with this method is that the combustion takes place at extremely 
high temperatures (12). 
 According to the current international costs of CO2 capture           (June 
2005) approximately that capture cost is US$3.75/ton (0.198  ≅ US$0.2/Mcf) 
(9,48), that is from natural gas, and US$39/ton or (US$2.1/Mcf) in case of 
manufactured CO2 gas, for ALM field CO2 capture cost is estimated of US$ 
0.2/Mcf assuming natural gas source.   
? CO2 Compression Cost: 
 For estimating compression cost the amount of the required compression 
and the unit costs of compression should be considered. However, these two 
elements can vary from project to project, in addition, compression costs are 
considered higher for small flows, for Alm field, which is a medium size field cost 
of CO2 compression can be US$4.5/ton (US$0.24/Mcf), in case of natural or 
manufactured CO2 gas (9). 
? CO2 Transportation Cost: 
 CO2 can be transported in pipelines or ships, since CO2 behaves very 
differently under different pressure and temperatures, it must be transported in a 
controlled form in order to avoid formation of dry ice (solid form) and blockage 
of pipelines or equipment that is a part of the transport chain (12). 
Generally, the most economical common means of transport of CO2 is pipelines 
(9). 
For estimating operation costs for transportation of CO2 via pipeline, the 
following variables should be considered: CO2 flow rate and distance from the 
source to (injection) site (9). 
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Transportation cost too can vary significantly for different projects, for example; 
(Hedle, et. al.) quoted that pipeline construction cost as around US$21/in/km, 
that is US$21 per inch of diameter per kilometer of length, and operational and 
maintenance (O&M) costs at US$3.1/km (costs don’t depend on pipeline 
diameter) (9), the following figure (6-1) shows variables CO2 transportation costs 
versus pipeline capacity, for example: 50MMcf of CO2 costs US$0.2 for each 
Mcf/100 miles for natural and manufactured CO2 gas, but in case manufactured 
percent of US$0.9/Mcf of CO2 (US$16.87/ton/100 miles) must be added, because 
of gathering CO2 after producing it. That equals (US$1.10/Mcf/100 miles = 
US$20.5/ton/100 miles) (48). 
For Alm field: 46.5MMcf/day CO2 transportation cost is U$0.233/Mcf/100 miles 
for natural source. 
 
 
 
 
 
 
Figure (6-1) Shows the Relationship Between the CO2 Transportation Costs 
Versus Pipeline Capacity (48) 
Figure (6-2) shows pipeline cost versus pipeline capacity, for Alm field with 
capacity of 46.5 MMcf/day (at 10 years of project life) the cost of pipelines  
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is (233,555 US$/mile), but for 81 miles the pipeline cost will be:                 81 X 
233,555 = 18.9 MMUS$. 
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Figure (6-2) Shows Pipeline Cost Versus Capacity (48) 
? CO2 Injection Cost: 
 Cost components for CO2 injection include mainly capital costs for drilling 
wells, and costs related to the operation and maintenance of the system. The 
composition of total injection cost includes the following parameters: location, 
injection costs, reservoir depth, average temperature, reservoir radius, and 
environmental regulatory framework and flow rate (9). 
It should be kept in mind that the costs vary for type of reservoir and from 
location to location that is cost is very site specific (9). 
Currently, operators must cover the costs of purchased CO2, as well as other 
capital and operating costs, solely in the bases of sales of oil production (9). 
Costs for each stage of the project including capture, compression, transportation 
and storage, are divided into capital expenditure (CAPEX) and operating 
expenditure (OPEX) (9). 
The estimate of total (CAPEX) taking into account the investment in each step of 
CO2 project is: 
CAPEXT = CAPEXcap + CAPEXcomp + CAPEXtransport + CAPEX (inj) …(1) 
 The total (OPEX) is estimated similarly to the CAPEX: 
OPEXT =  OPEXcap + OPEXcomp + OPEXtransport + OPEX (inj)   ………. (2) 
 The company Net Cash Flow (NCF) is estimated using the following 
simplified relationship every year (9): 
NCF = (RG+CCO2–Roy–PIS–OPEX–IW–D)*(1-T)+D–CAPEX ……(3) 
Where; 
NCF ≡ Net Cash Flow. 
RG   ≡ Gross Revenue. 
CCO2 ≡ CO2 Credit. 
Roy  ≡ Total Amount Paid in Royalties. 
PIS   ≡ Social Tax, directly charged over gross revenue. 
OPEX ≡ Operational Expenditure. 
IW   ≡ Investment Accounted as Costs. 
D ≡ Total Depreciation 
T ≡ Corporate Tax Rate 
CAPEX ≡ Capital Expenditure 
It was derived from the cash flow (Eq.3), the net present value (NPV) indicator, 
which is the sum of all cash flows over the life of the project. 
The estimation of gross revenue (RG) was carried out by multiplying the oil 
production by its price, the inflows are generated by the oil production (9), for Alm 
field:   RG = 32 X 106 X 40=1.28 X 109US$. 
The following table shows total costs per Mcf of CO2 for Alm field in case of natural and 
manufacturing CO2 sources. 
Table (6-1) Shows Total Costs per Mcf of CO2 (US$) 
Pipeline 
capacity 
(MMcf/day) 
Distance 
(miles) 
Capture 
cost 
(US$/Mcf) 
Transp. 
cost 
(US$/Mcf)
Comp. 
cost 
(US$/Mcf)
Extract 
from 
manuf.
Gather 
from 
manuf. 
Full 
cost 
for 
natural
Full 
cost 
for 
manuf.
50 100 0.22 0.233 0.24 0.9 0.9 0.693 0.273 
 
6-3 Base Case Economic Parameters for Alm Field  
The following tables show reservoir technical characteristics summary and basic 
economic data with estimated costs for start-up EOR-CO2-WAG project in Alm 
field. 
Table(6-2) Shows Reservoir Technical Characteristics Summary 
No. Process R.T.C Units 
1 Depth 2790,8505 m, ft 
2 Initial Pressure 4650 Psi 
3 Current Pressure 3300 Psi 
4 *MMP 2640 Psi 
5 Temperature 205 oF 
6 Formation Sand Stone - 
7 Oil Gravity 34.5 OAPI 
8 Oil Viscosity 0.57 Cp 
9 Permeability (10-100) md 
10 Field Area 20 Km2 
11 Initial Reserved Oil 265 MMbbl 
12 Cumulative Oil Production (2004) 157.7 MMbbl 
13 *Soi 0.81 % 
14 *Swi 0.19 % 
15 Current No. of wells 37(28V+9H)  - 
*MMP = Minimum Miscibility Pressure. 
*Soi = Saturation of Initial Oil. 
*Swi =Saturation of Initial Water. 
Table(6-3) Shows Estimated Costs for Alm Field 
No. Process Cost estimation Units 
1 Oil price 40 US$ 
2 CO2 injection rate 46.5 (10years) MMcf/day 
3 Projection duration 2 scenarios (10+15) Years 
4 Water injection rate 15.5 (10years) Bbl/day 
5 Recovery factor 12 (OOIP) % 
6 *I.o.r.EOR-CO2-WAG 32 MMbbl 
7 CO2/oil required rate 5 Mscf/STB 
8 Engineering costs 25/Equipment cost % 
9 CO2 capture cost (NG)* 0.22 US$/Mcf 
10 CO2 compression cost (NG) 0.24 US$/Mcf 
11 CO2 Trans. cost 0.233 US$/Mcf 
12 CO2 injection cost 0.22 US$/Mcf 
13 Pipeline cost (150Km) 19.44,capex MMUS$ 
14 O&M * 0.47 MMUS$ 
15 Operational costs 5 (Equipment cost) % 
16 Energy compressor 0.032 US$/Kwh 
17 New injection well cost 5 MMUS$ 
18 Produced gas processing cost(recycle) 60 (compression& Injection rate) % 
19 Electrical Energy Cost (CO2-WAG) 5 Hp/Bopd 
20 Storage ratio 50 % 
*I.o.r = Incremental Oil Rate According to EOR-CO2-WAG. 
*NG = Natural Gas. 
*O&M = Operational and Maintenance. 
 
The following diagram shows cumulative production, predicted, and remained 
oil percents for Alm field after EOR-CO2-WAG. 
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Figure (6-3) shows cumulative production, predicted, and remained oil 
percents for Alm field after EOR-CO2-WAG. 
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7-1 Conclusions 
? CO2-WAG seems most likely favorite enhanced oil Recovery (EOR) 
technique for Alm field. 
? Prediction of CO2-WAG injection performance in Alm Field shows 
that an oil recovery factor of 12% OOIP can be realized. 
? Natural CO2 is most feasible for injection in Alm field with capture 
cost of US$ 0.2/Mcf. 
? Transportation via pipelines is most technically and economically 
suitable at cost of USD 0.233/MSCF. 
? The cost of moving CO2 along the complete value chain (capture, 
compression, transportation, injection) can approximately be 
US$0.7/Mcf in case of natural gas source, and US$ 2.28/Mcf in case of 
manufactured source. 
? For Alm field 1-ton of injected CO2 can produce 3.87 STB of oil. 
? Based on dynamic system models a maximum of five (1-horizontal 
and 4 vertical) infill wells can be drilled to maintain the production 
profile before implementing Pilot WAG CO2 injection into Alm field. 
The location of these wells should be selected based on more detail 
reservoir study. 
 
 
 
 
 
7-2 Recommendations 
 
 Conduct more detail study using compositional simulation to predict 
the reservoir performance based on sector model. 
 Before field – scale injectivity during WAG process, laboratory 
injection studies have to be performed. These include the investigation 
of the effects of high –velocity fluids around (WAG) injection wells, 
miscible flooding on wettability, flood banks, pressure redistribution, 
crossflow (communicating and non-communicating permeability 
differences), wettability, dissolution. Precipitation, particle 
invasion/migration, residual oil saturation on trapped gas saturation, 
contact time, mass transfer, IFT and relative permeability. The use of 
pore-scale simulators is recommended to aid in understanding these 
effects. Additionally field-scale verification studies and demonstration 
projects are needed for proper scaling to field application. 
 For applying this technique in Alm field a pilot project has to be 
designed until reaching to full-scale project according to following 
simplified diagram: 
 
 
 
 
 
 
 
 
 
  
 
   
 
 
 
          
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Screening and preliminary evaluation
 Simulation Study (Sector model) or 
(streamline modeling) 
     Pilot design 
Performance evaluation of  
Pilot design 
3-D Full field simulation study 
Implement 
Full-scale project 
Package
Package 
Execution 
Full review  
(History match)
 With the high oil prices nowadays (greater than 60US$/bbl) CO2-EOR 
projects will be need government and big specialized companies 
supports. 
 Because of the facilities are not designed or high levels of corrosion 
resistance, protection techniques should be taken such as: inhibitors, 
some parts of the system can be replaced. 
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